by  E.  D.  Smyly,  C.  M.  Pyron,  Jr.,  and  C.  D.  Pears 


Prepared  by 

SOUTHERN  RESEARCH  INSTITUTE 

Birmingham,  Ala. 

for  Langley  Kesearch  Center 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 


if 

,1 1? 

Ik 


iii 

WASHINGTON,  D.  C.  •  DECEMBER:| 


THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE 
COPY  FURNISHED  TO  DTIC 
CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO 
NOT  REPRODUCE  LEGIBLY. 


NASA  CR-966 


AN  INVESTIGATION  OF  THE  MECHANISMS  OF  HEAT  TRANSFER 
IN  LOW-DENSITY  PHENOLIC-NYLON  CHARS 


By  E.  D.  Smyly,  C.  M.  Pyron,  Jr.,  and  C.  D.  Pears 


Distribution  of  this  report  is  provided  in  the  interest  of 
information  exchange.  Responsibility  for  the  contents 
resides  in  the  author  or  organization  that  prepared  it. 


Prepared  under  Contract  No.  NAS  1-5448  by 
SOUTHERN  RESEARCH  INSTITUTE 
Birmingham,  Ala. 

for  Langley  Research  Center 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 


CONTENTS 


Page 

SUMMARY .  1 

INTRODUCTION .  2 

SYMBOLS .  4 

SPECIMEN  MATERIAL .  7 

Composition .  7 

Charring  Procedure .  7 

True  and  Bulk  Density  and  Porosity .  9 

Micrographic  Evaluations .  10 

THERMAL  CONDUCTIVITY  DETERMINATIONS .  11 

Apparatus .  12 

Specimens  .  12 

Specimen  Buildup .  13 

Uncertainty  in  Measurements .  13 

Data  and  Results .  16 

Summary  of  Data .  19 

THERMAL  ANALYSIS  .  21 

Analyses  of  Porous  Materials . 21 

Development  of  the  Thermal  Model .  22 

Physical  and  Thermal  Model .  22 

Radiation .  23 

Solid  Conduction .  26 

Gas  Conduction .  27 

Convection .  28 

Equation  for  Apparent  Thermal  Conductivity  of  Char .  29 

Thermal  Conductivity  of  Gases . 31 

Correlation  of  Thermal  Model  with  Measurements .  32 

Correlation  of  Thermal  Model  with  Prior  High  Temperature  Data  34 

CONCLUSIONS  .  37 

APPENDIX  A . 39 

APPENDIX  B .  49 

REFERENCES .  96 


iii 


AN  INVESTIGATION  OF  THE  MECHANISMS  OF  HEAT 


TRANSFER  IN  LOW-DENSITY  PHENOLIC-NYLON  CHARS 

By  E.  D,  Smyly, 

C.  M.  Pyron,  Jr.,  and  C.  D.  Pears 
Southern  Research  Institute 

SUMMARY 

'\J!he  heat  transfer  mechanisms  in  phenolic -nylon  chars  were  investi¬ 
gated.  In  order  to  separate  the  effects  of  solid  and  gas  conduction  and 
radiation,  the  thermal  conductivities  of  three  phenolic -nylon  chars  having 
porosities  of  0.  79,  0.  82,  and  0.  88  were  measured  in  vacuum,  nitrogen, 
and  helium  environments.  The  temperature  range  covered  was  from  400°F 
(477°K)  to  1000°F  (811°K).  The  pressure  range  was  from  0.002  to  760  tqrr/ 

The  specimens  were  obtained  from  virgin  materials  with  densities 
of  19  lb/ft3  (304  kg/m®),  30  Ib/ft®  (409  kg/m^),  and  42  Ib/ft®  (673  kg/m®)by 
charring  in  a  30  percent  nitrogen-70  percent  argon  plasma  for  125  to  180 
seconds.  The  input  cold-wall  heat  flux  density  was  170  Btu/sec-ft^  (193  x 
10^  W/m2). 

jrhe  thermal  conductivity  increased  on  changing  the  environment  from 
vacuum"  to  either  nitrogen  or  helium^i  The  increase  noted  was  in  each 
instance  greater  than  could  be  accounted  for  by  the  simple  addition  of  the 
thermal  conductance  of  the  environmental  gas  to  the  thermal  conductivity 
measured  in  vacuum.  This  discrepancy  was  explained  as  an  effect  due  to 
the  "thermal  shorting"  of  internal  delaminations  within  the  char.  From  30 
to  50  percent  of  the  flow  paths  through  the  char  contain  delaminations.  The 
heat  flow  is  essentially  blocked  by  these  delaminations  at  vacuum.  When 
a  gas  is  introduced  it  serves  to  "short"  the  delaminations  and  effectively 
increase  the  conduction  area.  The  higher  the  thermal  conductivity  of  the 
gas  the  more  effective  is  the  thermal  shorting.  A  thermal  model  which 
takes  the  delaminations  into  account  was  developed  and  correlated  with 
the  data.  The  correlation  of  this  model  with  the  measured  data  allowed 
the  isolation  of  one  important  intrinsic  property  of  the  char,  the  thermal 
conductivity  of  the  matrix,  assuming  that  the  model  describes  the  physical 
situation.  Data  at  other  conditions  will  be  required  to  properly  confirm 
the  model. 


The  matrix  thermal  conductivity^  reduced  from  the  data,  ranged  from 
155  X  10~5  Btu/sec-ft-°F  (10,  3  W/m-°K)  to  250  x  lO"®  Btu/sec-ft-°F  (16.  7 
W/m-°K).  It  is  believed  that  the  variation  represents  differences  in  the 
charring  histories  of  the  specimens. 

It  was  found  that  the  heat  transfer  by  radiation  and  gas  convection  was 
negligible  below  1000°F  (811°K).  Gas  convection  was  negligible  because  of 
geometric  considerations  plus  the  experimental  arrangement.  A  study  of 
the  radiation  parameters  in  the  thermal  model  led  to  the  conclusion  that 
radiation  was  negligible. 

The  thermal  analysis  was  extended  to  include  some  prior  high  tempera 
ture  thermal  conductivity  data  obtained  in  a  steady-state  apparatus  to  see  if 
the  analysis  satisfies  observed  high  temperature  measurements.  This 
analysis  pointed  out  that  further  knowledge  about  certain  parameters  is 
required  for  an  understanding  of  the  "in-flight"  behavior  of  the  char.  Some 
possible  means  of  resolving  these  uncertainties  are  recommended. 


INTRODUCTION 


This  program  complements  the  studies  performed  under  Contract 
No.  NAS  1-2978,  Task  Orders  1,  2,  3  (reported  in  Reference  1)  and  4  (see 
Reference  2)  and  represents  a  continuation  of  the  efforts  to  provide  a 
definition  of  the  characteristics  and  intrinsic  properties  of  low-density 
phenolic -nylon  in  both  the  virgin  and  charred  states.  Specifically,  the 
work  performed  under  this  task  order  involved  measurements  of  the  thermal 
conductivity  of  chars  produced  from  three  different  virgin  densities  of 
phenolic -nylon  and  the  development  of  a  thermal  model  for  the  porous 
structure.  The  measurements  were  made  in  vacuum,  nitrogen,  and 
helium  and  covered  the  temperature  range  from  400°F  to  1000°F  and  a 
range  of  pressures  from  approximately  0.  002  torr  to  760  torr. 

The  virgin  material  was  supplied  by  the  NASA  Langley  Research 
Center  in  densities  of  19,  30  and  42  Ib/fta.  The  chars  were  prepared  in 
Southern  Research  Institute's  plasma  torch  from  samples  of  the  material 
provided. 

Measurements  were  made  of  the  bulk  density,  true  density,  and  pore 
size  distribution  of  the  char  produced  from  each  of  the  virgin  materials. 
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An  effort  was  made  to  separate  the  effects  of  solid  conduction,  gas 
conduction,  gas  convection,  and  radiation  on  the  apparent  thermal  conduc¬ 
tivity  of  the  char.  A  thermal  model  was  developed  in  order  to  explain  these 
effects. 
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SYMBOLS 


Letter  Symbols 


2  p  +  e 

accommodation  coefficients  for  surfaces  1  and  2,  respectively 

total  area  normal  to  heat  flow 

area  of  lower  reference  normal  to  heat  flow 

area  of  upper  reference  normal  to  heat  flow 

(l-f)(l-F)A  =  radiation  and  gas  conduction  area  normal  to  heat 

flow  across  delaminations 

(l-f)(l-F)  P^'^A  =  gas  conduction  area  of  delaminated  heat  flow 
channels  normal  to  heat  flow 

(l-f)FP^^®A  =  gas  conduction  area  of  undelaminated  heat  flow 
channels  normal  to  heat  flow 

(l“f)FP®'^A  =  gas  conduction  and  radiation  area  of  undelaminated 
heat  flow  channels  normal  to  heat  flow 

(l-f)(l-F)(l-P^/®)A  =  solid  conduction  area  of  delaminated  heat 
flow  channels  normal  to  heat  flow 

(1-f)  F  (1-P^'®)A  =  solid  conduction  area  of  undelaminated  heat 
flow  channels  normal  to  heat  flow 

(l-f)(l-F)P2'3A  =  radiation  area  of  delaminated  heat  flow  channels 
normal  to  heat  flow 

(l-f)FP3'^A  =  radiation  area  of  undelaminated  heat  flow  channels 
normal  to  heat  flow 

fA  =  radiation  and  gas  conduction  area  normal  to  heat  flow  through 
cracks 

area  of  specimen  normal  to  heat  flow 

^  =  ratio  of  total  crack  length  in  a  flow  channel  to  the  overall 

thickness 

specific  heat  at  constant  volume 

fraction  of  total  cross-sectional  area  normal  to  the  heat  flow 
occupied  by  the  cracks  which  are  parallel  to  the  heat  flow 
fraction  of  the  heat  flow  paths  which  are  undelaminated 
a  factor  which  depends  on  the  type  of  thermal  guarding  (matched 
or  unmatched  in  some  manner)  and  the  geometry  of  the  apparatus 
reradiation  shape  factor  for  heat  flow  throvigh  cracks  parallel  to 
heat  flow 
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SYMBOLS  -  Continued 


1  _  1 

kg  ) 


H 


‘g 


"•m 

kr 

K 

*^dg 

Kdr 

^g 

4' 


Kg  = 
Krr  = 
Km'  = 
Kr  = 

Kr-  = 


Kr  = 
L 

n  = 

P 

P 

O 

r  = 


heat  transferred  per  unit  area  per  unit  time 
thermal  conductivity  of  lower  reference 
thermal  conductivity  of  upper  reference 
apparent  thermal  conductivity 
thermal  conductivity  of  gas 
thermal  conductivity  of  insulating  powder 
thermal  conductivity  of  matrix 
thermal  conductivity  of  references 
thermal  conductivity  of  specimen 
overall  thermal  conductance 

thermal  conductance  of  gas  across  delaminations 
radiant  thermal  conductance  across  delaminations 
thermal  conductance  of  gas  in  pores 
gas  thermal  conductance  through  undelaminated  heat 
flow  channels 

thermal  conductance  of  gas  in  cracks 

solid  thermal  conductance  in  delaminated  heat  flow  channels 
solid  thermal  conductance  in  undelaminated  heat  flow  channels 
radiant  thermal  conductance  in  delaminated  flow  channels 
radiant  thermal  conductance  through  undelaminated  heat  flow 
channels 

radiant  thermal  conductance  through  cracks 

thickness  across  which  heat  is  being  transferred 

number  of  delaminations 

pressure 

porosity 

heat  flow  per  unit  time 

ratio  of  specific  heat  at  constant  pressures  to  the  specific 
heat  at  constant  volume 
gas  constant 

average  delamination  thickness 
absolute  temperature 
characteristic  radiant  length 
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SYMBOLS  -  Concluded 


Greek  Symbols 

a  =  correction  term  for  heat  bypass  error  in  thermal  conductivity 
measurements 

AT  =  temperature  difference 
Ax  =  gage  length 

e  =  emittance 

=  reflectance 
=  bulk  density 
=  true  density 
=  Stefan-Boltzmann  constant 

Subscripts 

1  =  lower  reference 

2  =  upper  reference 

s  =  specimen 
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SPECIMEN  MATERIAL 


Composition 


This  low-density  phenolic -nylon  composite  was  molded  and  consisted 
of  the  following  materials:  (1)  40%  (weight)  powdered  66  nylon^  Dupont's 
Zytel  103;  (2)  25%  (weight)  phenolic  resin.  Union  Carbide  Corporation's 
BRP-5549;  (3)  35%  (weight)  phenolic  Microballoons,  Union  Carbide 
Corporation's  B JO-0930. 

The  virgin  materials  of  all  three  densities  had  the  same  composition. 
The  three  densities  were  obtained  by  variation  of  molding  pressure.  The 
composition  of  this  material  was  identical  with  that  of  the  material  used  for 
the  measurements  reported  in  Reference  2. 

A  more  thorough  description  of  the  individual  constituents  is  included 
in  Reference  2.  The  only  difference  in  composition  noted  between  this 
material  and  the  low-density  phenolic -nylon  used  for  the  measurements 
reported  in  Reference  1  was  the  difference  in  percentages  of  the  phenolic 
Microballobns  and  nylon  powder  within  the  composite. 


Charring  Procedure 


The  char  samples  were  produced  at  Southern  Research  Institute  in 
an  induction  plasma  torch.  The  chars  evaluated  under  the  previous  task 
orders  were  prepared  in  the  arc  tunnel  at  the  NASA  Langley  Research  Center, 
A  schematic  diagram  of  the  plasma  torch  is  shown  in  Figure  1,  As  can  be 
seen  from  the  figure,  the  torch  consisted  of  a  quartz  tube  which  was  sur¬ 
rounded  at  one  end  with  a  five  turn  rf  coil.  Argon  or  mixtures  of  argon  and 
nitrogen  were  introduced  in  a  tangential  flow  pattern  through  a  brass  housing 
at  the  opposite  end  of  the  quartz  tube.  The  rf  coil  was  energized  by  a  Lepel 
25  kW  power  supply  at  a  frequency  of  2.  5  to  5  Me.  The  plasma  was  generated 
by  inserting  a  graphite  rod  in  the  field  of  the  coil  while  maintaining  an  argon 
flow  rate  of  25  to  30  scfh.  The  graphite  rod  heated  and  caused  ionization 
of  the  argon,  which  initiated  the  plasma.  The  argon  flow  and  the  power  level 
were  increased  to  provide  the  desired  flame  properties.  In  order  to  provide 
a  nitrogen  plasma,  the  nitrogen  was  slowly  introduced  as  the  argon  flow 
was  decreased.  It  was  found  that  the  torch  could  be  operated  at  stable 
conditions  with  30  percent  nitrogen  and  70  percent  argon.  Higher  nitrogen 
flow  rates  caused  the  flame  to  be  unstable. 
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Heat  flux  density  was  measured  on  a  23  percent  nitrogen  flame  at 
maximum  power,  and  the  values  obtained  averaged  about  170  Btu/sec-ft 
at  a  distance  of  1  inch  from  the  end  of  the  quartz  tube.  This  heat  flux 
density  was  sufficient  to  produce  chars  of  proper  quality  and  is  slightly 
higher  than  the  heat  flux  density  used  at  the  NASA  Langley  Research 
Center  to  produce  the  chars  evaluated  and  reported  in  References  1  and 
2  (140  Btu/sec-ft^).  Heat  flux  densities  were  measured  with  a  copper 
slug  calorimeter.  This  calorimeter  was  basically  a  copper  disc  of  known 
weight  and  size  instrumented  with  a  thermocouple  and  mounted  in  a 
refractory  brick.  Heat  flux  densities  were  calculated  from  measurements 
of  temperature  rise  of  the  copper  disc  versus  time  (monitored  by  an  X-Y 
recorder).  It  was  found  during  the  initial  runs  that  the  induced  voltage 
caused  sufficient  current  flow  through  the  calorimeter  thermocouple  circuit 
to  burn  out  the  wire.  This  current  drain  also  extinguished  the  flame.  Several 
filter  circuits  were  tried  without  success.  Therefore,  the  rate  of  tempera¬ 
ture  rise  was  monitored byobtaining  the  slug  temperature  immediately  before 
and  after  exposure  to  the  flame  and  measuring  length  of  time  during  exposure. 
The  thermocouple  circuit  was  switched  open  during  flame  exposure.  This 
method,  although  more  approximate,  did  confirm  the  general  level  of  the 
heat  flux  density. 

The  specimens  from  which  the  chars  were  made  were  1-j  inch  diameter 
discs  mounted  in  a  refractory  brick  holder,  which  was  inserted  in  the  flame 
1  inch  away  from  the  end  of  the  quartz  tube.  At  this  location,  with  the  power 
settings  used,  the  "cold-wall”  heat  flux  density,  as  mentioned  previously, 
was  approximately  170  Btu/sec-ft^.  To  reduce  oxidation  of  the  char,  the 
specimens  were  placed  in  a  chamber  immediately  after  the  charring  was 
completed.  The  chamber  was  purged  with  nitrogen. 

During  the  runs,  surface  temperatures  of  the  specimens  were 
monitored  with  an  optical  pyrometer  to  determine  the  consistency  of 
the  charring  conditions  for  each  run.  The  pyrometer  data  obtained  were 
not  corrected  for  the  effects  of  surface  emittance  and  plasma  characteristics; 
however,  these  data  ascertained  the  consistency  of  all  the  runs.  The 
pyrometer  readings  also  provided  an  approximate  temperature  distribution 
over  the  front  surface  of  the  specimen.  A  typical  temperature  distribution 
is  shown  in  Figure  2, 


During  the  runs,  the  temperature  rise  rate  of  the  specimens  varied 
with  the  density  of  the  material,  the  temperature  rise  rate  of  the  lowest 
density  material  being  more  rapid.  For  example,  the  observed  temperature  of 
the  phenolic- nylon  of  19  Ib/ft®  virgin  density  increased  to  4000°F  in  approxi¬ 
mately  4  seconds,  whereas  10  seconds  were  required  to  achieve  the  same 
surface  temperature  with  the  42  lb /ft®  material.  The  steady- state  tempera¬ 
tures  toward  the  ends  of  the  runs  were  the  same  for  all  of  the  materials. 

It  was  also  noted  that  the  charring  rate  was  higher  for  the  lower  density 
materials.  Therefore,  the  total  times  of  exposure  were  varied  for  the 
different  densities  to  obtain  chars  of  j  inch  thickness  which  were  required 
for  the  thermal  conductivity  specimens. 

The  chars  prepared  for  this  program  were  exposed  for  a  longer  period 
of  time  than  the  prior  chars  prepared  in  the  arc  tunnel  at  the  NASA  Langley 
Research  Center  in  order  to  obtain  chars  of  sufficient  thickness  from  which 
to  prepare  thermal  conductivity  specimens.  The  exposure  times  for 
producing  the  chars  were  125  seconds,  165  seconds,  and  180  seconds  for 
the  19  Ib/ft®,  30  Ib/ft®,  and  42  Ib/ft^  virgin  density  materials,  respectively. 

The  chars  used  for  the  measurements  reported  in  Reference  2, which  were 
produced  by  the  NASA  Langley  Research  Center,  were  exposed  for  90  seconds. 


True  and  Bulk  Density  and  Porosity 


The  bulk  densities  of  the  chars  were  determined  by  weighing  the 
specimens  on  an  analytical  balance  and  dividing  weight  by  the  calculated 
volume  (the  specimens  had  a  cylindrical  geometry).  The  specimens  had 
been  impregnated  with  polyalphamethylstyrene  (for  machinability)  and 
then  baked  out  before  the  thermal  conductivity  runs.  Some  attempts  were 
made  to  determine  the  bulk  density  by  using  a  Water  displacement  method, 
after  paraffin  coating,  in  accordance  with  ASTM  C311- 58.  However,  the 
results  obtained  by  this  method  were  not  satisfactory. 

True  density  measurements  were  made  on  pulverized  samples  by 
employing  a  pycnometer.  The  particle  size  distribution  in  the  pulverized 
powder  was  as  follows: 

2  microns  or  less  -  75  percent 

3-5  microns  -  20  percent 

6  -  12  microns  -  5  percent 
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The  results  of  the  true  and  bulk  density  measurements  are  given  in 
Table  1  for  each  sample  evaluated.  Note  for  Specimen  19-4  that  there  was 
only  a  4  percent  change  in  bulk  density  as  measured  before  and  after  the 
thermal  conductivity  evaluation. 

Porosity  was  calculated  from  the  relation 

^b  (1) 


where 

P  -  porosity 

-  bulk  density 

Pj.  -  true  density 

The  results  of  the  porosity  calculations  are  given  in  Table  1.  Note 
that  while  the  bulk  densities  of  the  three  materials  varied  by  more  than  a 
factor  of  2,  the  porosity  variation  was  only  from  0.  79  to  0.  88.  This 
results  from  the  fact  that  the  importance  of  the  bulk  density  is  reduced  by 
about  'I'  in  the  porosity  calculation  since  the  true  density  is  about  5  times 
as  large  as  the  bulk  density. 


Micrographic  Evaluations 


A  micrographic  evaluation  was  also  performed  on  the  char  to 
determine  the  average  pore  size  and  relative  frequency  distribution.  One 
char  sample  of  each  virgin  density  was  mounted  and  polished  using  standard 
techniques.  The  specimens  used  for  the  photomicrographic  evaluations 
were  not  impregnated.  The  specimens  were  viewed  at  lOOX  magnifmation 
in  a  plane  parallel  to  the  charring  direction.  The  measurements  were  made 
in  a  central  zone  midway  between  the  front  and  back  surfaces  of  the  sample. 
Two  traverses  a  few  mils  apart  were  made  across  the  char  at  this  location. 
The  pores  were  counted  and  their  diameters  measured  with  a  calibrated 
eye-piece  which  read  in  filar  units.  When  grossly  irregular  pores  were 
encountered,  the  diameter  was  approximated.  Cracks  which  ran  parallel 
to  the  charring  direction  were  not  included  in  the  measurements.  Only 
openings  which  were  nearly  enclosed  were  counted  as  pores.  Some  areas 
appeared  to  represent  locations  where  several  pores  had  been  blown  out. 
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Since  these  areas  were  enclosed  by  pores  on  all  sides,  they  were  counted 
as  large  pores  since  they  probably  were  created  during  the  charring  process. 
Shown  in  Figure  3  are  photomicrographs  of  the  char  produced  from  the 
three  materials  of  different  virgin  densities.  Photomicrographs  3(a)  and 
3(c)  are  typical,  whereas  pictures  3(b)  and  3(d)  are  not  typical  (as  many 
large  openings  as  are  shown  do  not  appear  in  the  typical  photomicrograph). 

The  porous  areas  shown  in  Figure  3(b)  (away  from  the  large  openings)  are 
typical.  The  samples  shown  in  Figures  3(a),  3(b),  and  3(c)  were  used  for 
the  pore  size  measurements. 

Histograms  of  the  distribution  of  pore  diameters  are  shown  in  Figures 
4,  5,  and  6  for  the  chars  of  0.  88,  0.  82,  and  0.  79  porosities,  respectively. 

The  average  pore  diameters  of  the  materials  with  porosities  of  0.  88,  0.  82, 
and  0.  79  were  69,  18,  and  35  microns,  respectively.  For  comparison  the 
histogram  obtained  for  a  material  with  a  porosity  of  0.86  (36  Ib/ft®  virgin 
density)(reference  2)  is  shown  in  Figure  7.  Note  that  the  mean  pore  diameter 
for  this  material  was  29  microns.  This  mean  pore  diameter  is  greater  than 
that  for  the  material  of  0.  82  porosity  and  less  than  that  for  the  material  of 
0.  79  porosity.  There  was  no  apparent  correlation  between  the  pore  diameter 
distribution  and  the  bulk  density  of  either  the  virgin  material  or  the  char. 
However,  the  histograms  give  reasonable  agreement  and  indicate  the 
approximate  range  of  pore  diameters.  Apparently,  the  average  pore  diameter 
decreases  with  increasing  bulk  density  up  to  a  point  and  then  increases. 
Perhaps  the  porosity  of  the  virgin  structure  permits  outgassing  through  paths 
following  the  existing  voids  up  to  a  point  where  the  existing  voids  cannot 
handle  the  gas  evolution  and  then  larger  paths  (and  pores)  are  formed  to 
provide  gas  release. 


THERMAL  CONDUCTIVITY  DETERMINATIONS 


The  thermal  conductivity  was  determined  in  one  direction  (in  the 
charring  direction)  using  the  comparative  rod  apparatus.  The  apparatus  was 
placed  inside  a  vacuum  chamber  which  was  connected  to  a  15  cfm  mechanical 
pump  and  a  4  inch  diffusion  pump.  With  this  system,  it  was  possible  to 
achieve  a  vacuum  level  of  0.  002  torr.  Pressures  were  measured  with  a 
thermocouple  vacuum  gage  below  0. 1  torr,  a  McLeod  vacuum  gage  between 
0. 1  torr  and  5  torr,  a  Dubrovin  vacuum  gage  between  1  torr  and  20  torr, 
and  a  bourdon  tube  gage  above  20  torr. 


Apparatus 


The  comparative  rod  apparatus  is  described  in  detail  in  Appendix  A. 
Basically,  this  apparatus  consists  of  a  stacked  column  with  the  specimen 
sandwiched  between  two  references  of  known  thermal  conductivity.  Heat  is 
made  to  flowthrough  the  column,  and  the  thermal  conductivity  is  measured 
by  referencing  the  temperature  drop  across  the  specimen  material  to  the 
temperature  drop  through  the  references. 

Guard  heaters  are  employed  to  minimize  radial  heat  losses  and  axial 
bypasses.  The  guard  section  is  concentric  with  the  specimen  column,  and 
the  annulus  between  the  column  and  the  guard  is  filled  with  diatomaceous 
earth  as  an  insulation.  The  thermal  conductivity  is  calculated  from  the 
measurements  by  using  the  relation 
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where  k  is  the  thermal  conductivity,  AT  is  the  temperature  difference  over 
the  gage  length.  Ax,  and  the  subscripts  s,  1  and  2,  refer  to  the  specimen, 
lower  reference  and  upper  reference,  respectively. 


Specimens.  -  The  machining  of  the  specimens  was  performed  after 
impregnating  the  char  with  polyalphamethylstyrene  to  provide  sufficient 
mechanical  strength.  Machining  was  performed  by  first  cleaning  up  the 
front  (plasma-heated)  surface  until  it  was  flat  (this  usually  required  the 
removal  of  only  a  small  amount  of  material  since  this  was  the  smoothest 
surface),  then  reducing  the  thickness  a  minimum  amount  until  the  back 
surface  was  flat  and  parallel  with  the  front  surface.  The  specimen  was 
then  turned  to  1  inch  outside  diameter,  and  0.  040  inch  thermocouple  holes 
were  drilled  0.  093  inch  from  either  surface.  Table  2  gives  the  gage  length 
(between  thermocouple  holes)  and  overall  thickness  of  each  specimen. 


The  specimens  were  baked  at  700  ®F  under  a  nitrogen  purge  to  remove 
the  impregnant.  Specimen  42-3  was  baked  in  a  helium  purge.  All  of  the 
specimens  baked  out  well  except  those  from  the  highest  density  material. 

The  back  surface  of  two  of  these  specimens  after  bake  out  consisted  of  a 
grayish  white  residue  about  0. 1  inch  thick,  which  indicated  that  these 
specimens  had  not  charred  to  the  same  depth  as  the  lower  density  specimens 
or  had  a  different  composition  in  the  char  products  near  the  rear  face.  This 
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residue  was  not  noticeable  before  impregnating.  Of  course,  those  specimens 
which  baked  out  poorly  were  not  evaluated.  Pictures  of  Specimen  30-6  before 
and  after  exposure  are  shown  in  Figure  8. 

Specimen  Buildup.  -  The  specimens  were  built  up  for  the  runs  as  shown 
in  Figure  9.  For  all  of  the  runs  except  the  second  run  on  Specimen  42-3 
(when  an  attempt  was  made  to  measure  the  thermal  conductivity  variation 
across  the  specimen)  the  buildup  was  as  shown  in  Figure  9(a).  Note  that 
the  guard  thermocouples  were  located  opposite  the  thermocouples  in  the 
references.  The  surface  of  the  specimen  which  had  been  heated  during 
the  charring  process  always  was  situated  so  that  the  heat  flow  was  from 
the  front  to  the  back  surface. 

Uncertainty  in  Measurements.  -  The  basic  uncertainty  in  the  thermal 
conductivity  measurements  made  with  this  apparatus  is  5  percent.  This 
uncertainty  applies  to  measurements  on  materials  with  a  thermal  conductivity 
above  about  230  x  10“^  Btu/sec-ft-®F.  The  uncertainty  was  increased  for 
these  measurements  because  the  thermal  conductivity  of  the  chars  was  lower 
than  the  thermal  conductivity  of  the  reference  materials.  The  uncertainty 
is  increased  because  of  the  difference  between  the  temperature  profiles  in 
the  references  and  the  specimens  due  to  the  higher  conductivity  of  the 
references.  This  makes  it  difficult  to  match  the  guard  profile  with  the 
column  profile.  For  the  range  of  values  expected  for  the  char  specimens, 
there  was  a  choice  of  two  reference  materials.  Code  9606  Pyroceram  or 
Pyrex.  Pyroceram  is  suitable  as  a  reference  up  to  1500°F,  and  Pyrex  is 
suitable  to  577°F.  Above  577°F,  the  radiation  component  through  the  Pyrex 
introduces  an  increased  uncertainty  in  its  thermal  conductivity.  Over  the 
temperature  range  of  the  measurements  on  the  char,  the  reference  materials 
had  the  following  range  of  thermal  conductivities: 

Pyroceram:  57.  6  x  10"®  to  49.  3  x  10"®  Btu/sec-ft-°F  (300°F  to  1100°F) 

Pyrex:  19.  9  x  10~®  to  22.  6  x  lO's  Btu/sec-ft-°F  (300°F  to  577°F) 

The  values  for  the  Pyrex  match  the  measured  values  better  than  the 
values  for  the  Pyroceram.  However,  as  mentioned,  the  temperature  range 
is  limited  using  Pyrex. 

Analyses  have  been  made  of  the  errors  which  are  introduced  in  compara¬ 
tive  rod  measurements  when  there  is  a  mismatch  between  the  thermal 
conductivity  of  the  references  and  the  specimen.  The  analyses  undertook  to 
account  for  the  heat  flow  through  the  references  which  bypassed  the  specimenSo 
Physically,  this  can  be  explained  as  follows:  some  of  the  heat  flow  through  the 
upper  reference  will  bypass  the  specimen  and  flow  to  the  lower  reference 
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through  the  insulation  surrounding  the  specimen.  This  results  in  less 
heat  flow  through  the  specimen  than  indicated  by  the  references.  Conse¬ 
quently,  the  temperature  difference  across  the  specimen  will  be  reduced, 
resulting  in  an  apparently  higher  thermal  conductivity  than  would  be 
measured  if  there  were  no  heat  losses. 

The  equation  for  the  conductivity  containing  the  correction  for  the 
heat  bypass  may  be  written 
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Note  that  equation  (3)  is  identical  with  equation  (2)  except  for  the  term  a 
which  represents  the  error  term  for  the  mismatch.  The  error  may  be 
written 

a  =  F^Fg  (4) 

where 


Fg  =  a  factor  which  depends  on  the  type  of  thermal  guarding 
^  (matched  or  unmatched  in  some  manner)  and  the  geometry 
of  the  apparatus 

In  equation  (5),  k  is  used  for  the  thermal  conductivity,  and  the  subscripts  i, 
r,  and  s  refer  to  the  insulation,  reference,  and  specimen,  respectively. 

Observe  that  in  equation  (5),  the  term  Fj^  will  be  negative  if  kg  is  less 
than  kj,. 

The  factor,  Fg,  can  be  maintained  at  less  than  2  if  the  guard  tempera-  I 
tures  are  matched  with  the  column  temperatures.  During  the  runs  it  was  not  ! 
possible  to  maintain  matched  guarding  and  still  maintain  the  heat  flows  through  j 

the  upper  and  lower  references  equivalent  within  10  percent.  This  was  due  | 

in  large  part  to  a  severely  nonlinear  temperature  gradient  through  the 
specimen  which  probably  resulted  from  a  conductivity  gradient  through  the  j 
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specimen.  Almost  invariably  a  good  match  of  the  column  and  guard 
temperatures  could  be  achieved  for  the  upper  reference  and  the  central 
portion  of  the  specimen.  However,  the  temperature  of  the  lower  guard 
usually  was  about  50°F  to  100°F  higher  than  the  temperature  of  the  lower 
reference  because  of  the  severe  temperature  drop  between  the  lower 
specimen  thermocouple  and  the  lower  face  of  the  specimen.  Typical 
temperature  profiles  in  the  guard  and  the  column  for  the  measurements 
in  helium  and  nitrogen  are  plotted  in  Figure  10.  The  value  of  Fg 
resulting  from  this  guarding  should  be  no  more  than  2  based  on  an  evalua¬ 
tion  of  Pyrex  using  Code  9606  Pyroceram  references. 

The  thermal  conductivity  of  the  diatomaceous  earth  is  probably  as 
low  as  0.001  X  10  ^  Btu/sec-ft-°F  in  vacuum,  0.4  x  10“®  Btu/sec-ft-°F 
in  nitrogen,  and  2.4  x  10"®  Btu/sec-ft-°F  in  helium.  By  substituting 
these  values  into  equation  (5)  along  with  the  values  for  the  thermal 
conductivity  of  the  references  and  specimen  and  using  a  value  for  Fg 
of  2,  the  following  values  are  obtained  for  a; 


Pyroceram  Pyrex 

Vacuum  a  =  0  Vacuum  a  =  0 

Nitrogen  a  =  -0.05  Nitrogen  a  =  -0.02 

Helium  a  =  -0.15  Helium  a  =  -0.08 


Note  that  these  results  indicate  that  the  data  in  helium  using 
Pyroceram  references  may  be  in  error  on  the  high  side  by  as  much  as 
15  percent.  The  true  error,  if  any,  is  not  accurately  known  because 
the  value  of  Fg  is  not  known.  Since  temperature  profiles  were  matched 
over  portions  of  the  column,  F  may  be  less  than  2. 

o 

The  theoretical  corrections  were  not  applied  to  the  data  because  of 
the  uncertainty  in  the  value  of  Fg.  The  run  on  the  Pyrex  specimen  using 
Pyroceram  references  led  us  to  conclude  that  Fg  was  probably  less  than  2. 
This  conclusion  was  based  on  the  fact  that  the  thermal  conductivity  of  the 
Pyrex  in  vacuum  was  only  about  3.  1  percent  lower  than  the  value  in  helium 
and  it  should  have  been  19.  5  percent  lower  if  Fg  were  2.  Thus,  it  appeared 
that  the  Pyrex  specimen  had  a  higher  conductivity  than  that  assumed  in 
calculating  Fg  from  the  helium  data.  The  purpose  of  investigating  the 
bypass  error  was  to  determine  the  maximum  possible  uncertainty  in  the  data. 

A  consideration  of  the  errors  involved  led  to  the  conclusion  that  the 
random  uncertainty  in  the  system  is  about  10  percent  with  a  possible  bias 
error  of  15  percent  (on  the  high  side).  The  uncertainties  are  higher  than 
normal  because  of  the  low  thermal  conductivity  of  the  material. 
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Data  and  Results 


The  data  for  the  char  of  0.  88  porosity  (19  lb /ft®  virgin  density)  are 
presented  in  Tables  3  and  4  and  in  Figures  11,  12,  and  13.  For  clarity 
the  data  in  Figure  11  are  presented  independently  for  each  gas.  Note  that 
the  data  for  Specimen  19-5  were  obtained  using  Pyrex  references,  and  for 
reasons  previously  stated,  were  limited  to  the  500°F  mean  temperature 
level.  The  thermal  conductivity  values  for  Specimen  19-5  were  lower  than 
the  values  for  Specimen  19-4  by  approximately  20  percent  in  helium  and 
nitrogen  and  10  percent  in  vacuum.  Figure  12  shows  the  effect  of  pressure 
on  the  effective  thermal  conductivity  of  the  char  in  nitrogen  at  approximately 
500°F.  Note  that  while  the  two  specimens  had  different  thermal  conductivity 
values,  both  exhibited  an  increase  in  thermal  conductivity  (from  vacuum  to 
760  torr)  which  was  more  than  could  be  assigned  to  the  conductivity  of  the 
gas.  In  fact,  the  change  was  about  4  times  the  gas  conductivity  (0.  58  x 
10"®  Btu/sec-ft-°F).  A  similar  trend  is  noted  in  Figure  13  where  the  data 
are  presented  versus  pressure  for  a  helium  environment.  Note  that  the 
conductivity  was  nearly  constant  between  0.  0022  torr  and  0. 1  torr  and  then 
increased  with  pressure  to  760  torr.  Note  that  the  change  with  pressure 
is  most  noticeable  over  the  range  of  mean  free  paths  from  3  microns  to 
300  microns,  which  agrees  well  with  the  measured  range  of  pore  sizes  of 
5  to  323  microns  (see  Figure  4). 

That  there  should  be  a  correlation  between  the  pore  size  distribution 
and  the  mean  free  path  may  be  explained  as  follows:  wTien  the  mean  free 
path  is  much  smaller  than  the  distance  separating  the  surfaces  between 
which  heat  is  being  exchanged  by  gas  conduction,  the  conductivity  is 
essentially  independent  of  the  separation  distance  so  that  heat  transfer 
is  dependent  upon  separation  distance.  However,  when  the  mean  free 
path  is  nearly  the  same  as  the  separation  distance,  the  heat  transferred 
becomes  more  independent  of  the  separation  distance.  If  the  gas  density 
is  reduced  until  the  mean  free  path  is  longer  than  the  separation  distance, 
the  heat  transferred  is  essentially  independent  of  the  separation  distance. 
Actually,  for  a  given  separation  distance,  the  range  of  mean  free  paths 
over  which  the  thermal  conductivity  varies  extends  over  a  finite  range. 

That  is,  the  change  in  gas  thermal  conductivity  with  pressure  does  not 
occur  as  a  discontinuous  jump  but  rather  as  a  smooth  change  which  starts 
at  a  mean  free  path  which  is  lower  than  the  separation  distance.  However, 
this  range  is  small,  and  therefore,  it  is  acceptable  to  correlate  the  mean 
free  paths  with  the  pore  diameters  (separation  distances).  The  fact  that 
the  pressure  range  (range  of  mean  free  paths)  over  which  the  measurements 
showed  a  pressure  dependence  is  broad  arises  from  the  distribution  of 
separation  distances  (pore  diameters). 
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Note  in  Figure  13  that  the  change  in  the  conductivity  in  helium  on 
changing  the  pressure  from  0,  002  torr  to  760  torr  ranged  from  2.  4  times 
the  gas  thermal  conductivity  (3.  4  x  10"®  Btu/sec-ft“°F)  for  Specimen  19-4 
and  3.  4  times  the  gas  thermal  conductivity  for  Specimen  19-5. 

3 

The  data  for  the  char  of  0.  82  porosity  (30  lb /ft  virgin  density)  are 
presented  in  Tables  5  and  6  and  in  Figures  14,  15  and  16.  The  data  are 
presented  separately  in  Figure  14  for  the  three  different  gases.  Note  that 
for  any  given  environmental  condition  there  was  good  agreement  among  the 
the  data  for  the  two  specimens.  The  data  for  the  thermal  conductivity  of 
the  char  of  0.  82  porosity  versus  pressure  in  nitrogen  at  approximately  500°F 
are  shown  in  Figure  15,  Note  that  the  thermal  conductivity  was  constant 
over  the  pressure  range  from  0.  0022  torr  to  approximately  3.  5  torr  and 
then  increased  between  3,  5  torr  and  approximately  300  torr.  The  range  of 
pressure  dependence  corresponds  to  a  range  of  mean  free  paths  from  about 
0.  3  micron  to  25  microns,  which  falls  within  the  measured  range  of  pore 
diameters  from  1  to  250  microns.  Note  from  the  pore  diameter  distribution 
(Figure  5)  that  230  out  of  275  pore  diameter  measurements  were  less  than 
20  microns,  which  closely  approximated  the  mean  free  path  at  which  the 
pressure  variation  essentially  ceased.  Note  that  once  again  the  increase 
in  conductivity  from  vacuum  to  one  atmosphere  was  more  than  could  be 
assigned  to  gas  conduction.  The  data  for  the  thermal  conductivity  versus 
pressure  in  helium  are  presented  in  Figure  16,  Note  that  the  pressure 
range  of  greatest  change  corresponded  to  the  range  of  mean  free  paths 
from  about  2  microns  to  200  microns.  Once  again  the  increase  in  thermal 
conductivity  in  going  from  vacuum  to  760  torr  was  greater  than  could  be 
assigned  to  gas  conduction  even  for  Specimen  30-4,  which  exhibited  the 
least  increase. 

3 

The  data  for  the  char  of  0.  79  porosity  (42  lb /ft  virgin  density)  are 
presented  in  Tables  7  through  11  and  in  Figures  17,  18  and  19.  The  data 
are  presented  in  Figure  17  for  each  gas  separately.  Note  that  Specimen 
42-4  had  a  lower  conductivity  at  500°F  in  vacuum  and  nitrogen  than  either 
of  the  other  two  specimens.  This  specimen  was  found  to  be  badly  deterio¬ 
rated  on  the  rear  surface  at  the  termination  of  the  run.  This  condition  may 
account  for  the  low  data.  Specimen  42-5  was  machined  to  a  thickness  of 
0.312  inch  before  it  was  baked  out.  Consequently,  the  gage  length  for  this 
specimen  was  only  0, 133  inch,  or  about  half  the  gage  length  of  Specimen  42-3. 
This  specimen  was  made  thin  to  alleviate  the  problem  of  rear  surface  deterio¬ 
ration,  noted  previously,  during  bake  out.  The  data  for  Specimens  42-3  and 
42-5  agreed  well  at  500°F  in  vacuum  and  throughout  the  temperature  range 
in  nitrogen.  However,  there  was  a  disagreement  of  approximately  20 
percent  at  500°F  in  helium,  and  this  difference  increased  at  the  higher 
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temperatures.  Remember  that  a  thin  layer  of  Fiberfrax  was  inserted 
between  the  references  and  the  specimen  for  the  run  on  Specimen  42-3. 

A  rerun  on  Specimen  42-3  (without  the  Fiberfrax)  gave  good  agreement 
AAdth  the  first  run  data  at  500°F  in  both  vacuum  and  nitrogen.  Therefore, 
the  differences  noted  between  the  conductivities  of  the  two  specimen  in  the 
helium  environment  probably  represent  the  true  differences  between  the 
specimens. 

The  data  for  the  thermal  conductivity  of  the  char  of  0.  79  porosity 
versus  pressure  in  nitrogen  at  approximately  500°F  are  shown  in  Figure  18. 
The  conductivity  began  to  increase  with  pressure  at  a  pressure  of  1  torr, 
which  corresponds  to  a  gas  mean  free  path  of  about  90  microns.  Note  that 
this  is  in  fair  agreement  with  the  pore  diameter  measurements  shown  in 
Figure  6.  The  pore  diameter  measurements  indicated  that  some  decrease 
in  thermal  conductivity  might  be  noted  down  to  a  mean  free  path  of  200  to 
300  microns.  Note  again  that  the  change  in  thermal  conductivity  on  going 
from  vacuum  to  760  torr  was  more  than  could  be  assigned  to  gas  conduction. 

The  data  for  the  thermal  conductivity  of  the  char  of  0.  79  porosity 
versus  pressure  in  helium  at  a  temperature  of  approximately  500°F  are 
presented  in  Figure  19.  This  figure  shows  results  of  measurements  of  the 
variation  in  thermal  conductivity  through  the  specimen.  Note  that  for 
Specimen  42-3  data  are  presented  for  the  upper  0.  095  inch  of  the  specimen, 
the  middle  0.276  inch  of  the  specimen,  and  for  the  lower  0.093  inch  of  the 
specimen.  During  charring,  the  upper  surface  was  directly  exposed  to  the 
plasma.  These  data  indicate  a  definite  variation  in  conductivity  across  the 
specimen.  However,  the  data  for  the  upper  portion  of  the  specimen  are 
questionable.  The  surface  temperatures  (both  upper  and  lower)  were 
measured  by  spacing  bare  thermocouple  wires  on  the  surface  and  allowing 
the  specimen  to  act  as  the  junction.  There  are  local  temperature  distur¬ 
bances  (distortions  of  the  isotherms)  in  the  vicinity  of  the  interface  between 
the  specimen  and  the  references;  thus,  the  surface  temperature  measure¬ 
ments  reflect  these  disturbances.  Further,  the  disturbances  are  more 
severe  in  vacuum  since  the  heat  flow  concentrates  at  the  points  of  solid  to 
solid  contact.  If  there  is  a  gas  in  the  interfacial  gap  it  helps  to  conduct 
heat  and  spread  the  heat  flow  more  evenly.  Since,  in  vacuum,  the  tempera¬ 
ture  difference  across  the  upper  portion  of  the  char  was  considerably  smaller 
than  that  across  the  lower  portion  (8°F  versus  about  50°F)  any  errors  which 
resulted  from  the  interfacial  problem  would  have  had  a  greater  effect  on  the 
conductivity  measured  for  the  upper  portion  of  the  specimen.  It  is  difficult 
to  explain  the  large  increase  in  the  thermal  conductivity  of  the  upper  portion 
of  the  char  with  pressure.  It  is  probably  most  logical  to  assume  that  the 
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values  measured  in  vacuum  were  low  because  of  the  interface  problems 
(and  a  temperature  difference  of  only  8°F),  and  that  the  data  at  760  torr 
were  approximately  correct.  The  data  obtained  for  the  lower  portion  of 
the  specimen  are  less  uncertain  because  of  a  larger  temperature  difference 
(even  though  the  same  method  of  temperature  measurement  was  used). 

The  measurements  do  indicate  an  increase  in  the  thermal  conductivity  of 
the  char  from  the  lower  to  the  upper  (exposed)  surface;  however,  because 
of  the  uncertainty  in  the  temperature  measurements  on  the  upper  surface, 
more  data  would  be  required  to  quantitatively  define  the  variation. 

Note  that  the  data  in  the  helium  environment  for  the  char  of  0.  79 
porosity  indicate  that  the  increase  with  pressure  begins  at  a  mean  free 
path  of  around  1000  microns  for  the  central  portion  of  the  char.  This 
does  not  correlate  with  the  pore  diameter  measurements  which  indicated 
that  the  largest  pore  diameter  was  323  microns.  The  data  for  the  lower 
portion  correlate  much  better,  with  the  increase  beginning  at  approximately 
300  microns. 

Summary  of  Data.  -  The  average  conductivities  of  each  porosity  of 
char  at  500°F  in  nitrogen,  helium,  and  vacuum  are  presented  in  Table  12. 
For  the  char  of  0.  79  porosity,  the  data  for  Specimen  42-4  were  neglected 
in  obtaining  the  average  for  the  reasons  previously  given. 

Note  in  Table  12  that  the  most  porous  char  (Specimens  19-4  and  19-5) 
had  the  lowest  conductivity,  as  would  be  expected.  However,  there  was  no 
correlation  between  the  thermal  conductivity  values  for  the  0.  79  and  0.  82 
porosities.  The  porosities  for  these  specimens  were  nearly  identical, 
and  they  behaved  identically  within  the  data  scatter.  Prior  evaluations  on 
phenolic -nylon  char  using  the  radial  inflow  apparatus  yielded  values  of  12, 
16,  and  19  x  10“^  Btu/sec-ft-°F  at  1000°F  for  specimens  with  bulk  densities 
of  15.  0  Ib/ft^  22.  6  lb/ft^  and  13.  2  Ib/ft®,  respectively.  K  helium  purge 
was  used  for  the  prior  evaluations.  However,  the  specimens  were  not 
evacuated  prior  to  the  evaluation  and  consequently  the  air  (nitrogen)  which 
was  entrained  within  the  specimens  prior  to  insertion  in  the  furnace 
probably  remained  during  part  of  the  run.  Helium  may  have  replaced  the 
entrained  air  as  the  run  progressed  but  it  can  probably  be  assumed  that 
the  specimens  essentially  contained  nitrogen  at  the  1000°F  point.  Corre¬ 
spondingly,  the  nitrogen  data  for  these  evaluations  yielded  values  at  1000°F 
of  14,  18,  8  and  19  x  10‘®  Btu/sec-ft-°F  for  bulk  densities  of  11.9  Ib/ft®, 
16.5  Ib/ft®,  and  20.0  Ib/ft®,  respectively.  It  was  pointed  out  in  Reference 
2  that  the  formulation  and  processing  of  the  prior  material  for  which  the 
thermal  conductivity  was  12  x  10'®  Btu/sec-ft-°F  was  less  than  optimum 
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for  a  plastic  composition.  The  formulation  was  low  in  volume  fraction  of 
phenolic  resin  and  the  processing  method  caused  mechanical  damage  to  the 
Microballoons.  The  lower  thermal  conductivity  of  this  material  when 
compared  to  other  formulations  of  the  same  basic  material  was  directly 
correlated  with  the  formulation  and  processing.  The  prior  values  of  16 
and  19  x  10"^  Btu/sec-ft-°F  agree  within  19  percent  with  the  values  of  18.  8 
and  19  x  10”®  Btu/sec-ft-°F  measured  in  this  program  on  two  specimens 
of  similar  bulk  densities.  This  represents  good  agreement  between  similar 
specimens  and  between  the  two  apparatuses  used  for  the  evaluations. 

Also  shown  in  Table  12  are  the  absolute  changes  in  the  thermal 
conductivity  and  the  percentage  changes  in  going  from  vacuum  to  nitrogen 
and  from  vacuum  to  helium.  In  each  instance  the  absolute  change  in 
thermal  conductivity  was  significantly  greater  than  the  thermal  conductivity 
of  the  gas  in  question.  This  indicates  either  strong  dependence  on  the  gas 
thermal  conductivity  or  convection  effects.  Radiation,  if  it  were  present, 
would  be  a  constant  component. 

Recall  from  the  prior  discussion  that  the  theoretical  analysis  of  the 
bias  error  introduced  because  of  the  conductivity  mismatch  between  the 
specimens  and  the  references  predicted  a  maximum  positive  error  of  25 
percent  in  both  helium  and  nitrogen.  This  is  being  recalled  because  there 
have  been  several  analyses  of  porous  materials  which  would  predict  nearly 
the  total  gas  thermal  conductivity  as  the  contribution  of  the  gas  to  the 
measured  thermal  conductivity  for  this  range  of  porosities,  and  one  wants 
to  see  if  this  low  prediction  is  probable  within  the  experimental  error.  The 
last  two  columns  in  Table  12  give  the  maximum  possible  percentage  change 
in  the  measured  thermal  conductivity  which  can  be  attributed  to  the  gas  and 
the  difference  between  this  value  and  the  measured  value,  respectively.  In 
the  last  column,  observe  that  with  one  exception  the  difference  in  the  measured 
increase  in  conductivity  and  the  increase  obtained  by  adding  the  thermal 
conductivity  of  the  gas  exceeded  the  25  percent  maximum  probable  error  in 
the  measurement.  This  is  important  in  that  it  indicates  that  the  thermal 
conductivity  of  the  gas  can  have  more  effect  on  the  "apparent"  thermal 
conductivity  of  the  char  than  its  own  value.  This  effect  has  appeared  in 
the  literature  before.  Young,  Hartwig  and  Norton^  presented  data  for 
firebrick  of  0.  82  porosity.  The  thermal  conductivity  increased  in  air 
(nitrogen)  from  1.  46  x  10“®  Btu/sec-ft-°F  at  0.  05  torr  to  2.  52  x  10“  ®  Btu/ 
sec-ft-°F  at  760  torr  for  a  change  of  73  percent.  By  assuming  that  the 
air  contributed  its  total  conductivity,  the  change  would  have  been  only  40 
percent  (based  on  a  gas  conductivity  of  0.48  x  10”®  Btu/sec-ft-°F).  One 
might  argue  that  convection  effects  are  present.  Evidence  will  be  presented 
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later  which  indicates  that  this  effect  is  small.  For  the  range  of  porosities 
which  have  been  evaluated,  there  is  small  possibility  that  the  matrix  is 
continuous,  especially  considering  the  violent  birth  of  the  material.  There¬ 
fore,  delaminations  and  voids  exist  which  offer  infinite  resistance  to  heat 
flow  at  vacuum  but  become  shorted  when  a  continuum  gas  is  introduced  and 
effectively  raise  the  solid  conduction  area.  It  is  believed  that  this  accounts 
for  the  increase  rather  than  convection  currents. 

THERMAL  ANALYSIS 

In  order  to  separate  the  effects  of  radiation,  solid  conduction,  gas 
conduction  and  convection  on  the  apparent  thermal  conductivity  of  the  char, 
a  thermal  analysis  was  performed.  This  analysis  also  allowed  the  isolation 
of  one  of  the  important  intrinsic  properties  of  the  char,  the  thermal 
conductivity  of  the  matrix. 

In  the  thermal  analysis,  each  of  the  aforementioned  modes  of  heat 
transfer  was  considered.  Before  proceeding  to  the  thermal  model  some 
work  by  other  authors  should  be  discussed. 


Analyses  of  Porous  Materials 


Russell  ,  Gorring  and  Churchill  ,  Euken  (presented  in  Reference  6), 
Loeb’,  and  many  other  authors  have  presented  equations  for  predicting  the 
thermal  conductivity  of  porous  materials.  In  addition,  an  equation  derived 
by  Bruggeman  (presented  in  a  paper  by  Powers®)  for  dispersions  may  be 
applied  to  porous  materials.  This  may  be  done  by  treating  the  pores  as 
the  dispersed  phase  and  using  the  conductivity  of  the  gas  within  the  pores  as 
the  conductivity  of  this  phase.  The  char  solid  would  be  treated  as  the 
continuous  phase.  In  all  of  these  analyses  the  authors  have  assumed  that 
the  matrix  was  continuous  (contained  no  delaminations  or  irregularities),  and 
most  of  them  give  nearly  identical  results.  For  completeness,  Russell's 
equation,  which  has  found  general  acceptance,  was  applied  to  the  data  to 
ascertain  how  closely  the  models  for  continuous  matrices  apply.  Russell's 
equation  may  be  written^ 


^a  =  ^m  kgP®  /  ®  -  kgP  +  kjj^  (1  -  P2  /  3  +  p) 


(6) 
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where 

=  apparent  thermal  conductivity 

=  thermal  conductivity  of  matrix 

kg  =  thermal  conductivity  of  gas 

P  =  porosity 

Russell's  equation  was  applied  to  the  data  by  reducing  k,^ (matrix  conduc¬ 
tivity)  from  the  vacuum  data  and  then  predicting  the  values  for  nitrogen 
and  helium.  Also,  kj^  was  reduced  from  the  nitrogen  data,  and  the  vacuum 
and  helium  values  were  predicted.  A  temperature  of  500°F  was  assumed 
for  these  calculations  and  radiation  was  neglected.  The  results  of  the 
calculations  are  shown  in  Table  13.  The  vacuum  data  probably  contain 
the  least  uncertainty;  therefore,  for  a  comparison  with  the  measured  data, 
the  predictions  based  on  the  vacuum  data  should  be  most  meaningful.  Note 
that  with  one  exception  the  predicted  values  fell  below  the  measured  values 
by  a  greater  percentage  than  can  be  attributed  to  uncertainty  in  the  mea¬ 
surements  (maximum  of  25  percent),  indicating  that  a  continuous  model 
should  not  be  assumed  for  the  highly  porous  chars. 


Development  of  the  Thermal  Model 

Physical  and  Thermal  Model.  -  A  physical  model  was  assumed  which 
is  a  first  approximation  to  a  noncontinuous  matrix.  This  model  is  shown 
in  Figure  20(a).  It  was  assumed  that  the  material  contained  cracks  which 
were  parallel  to  the  direction  of  heat  flow.  These  cracks  were  assumed  to 
occupy  some  fraction  f  of  the  total  area  and  extend  across  the  thickness  of 
the  material.  The  char  does  contain  these  long  cracks  but  obviously  they 
do  not  extend  through  the  full  thickness;  some  interconnections  exist. 
However,  the  number  of  interconnections  appeared  to  be  small.  It  was 
also  assumed  that  a  large  number  of  one-dimensional  heat  flow  channels 
existed.  Note  that  a  heat  flow  channel  consisted  of  porous  material.  Some 
fraction  of  the  total  area,  (l-f)F,  was  assumed  to  consist  of  continuous 
(undelaminated)  flow  channels  and  the  remaining  area,  (l-f)(l-F),  was 
assumed  to  contain  delaminations  (cracks,  breaks,  or  large  voids,  normal 
to  the  heat  flow).  That  these  separations  do  exist  is  evident  from  photo¬ 
micrographs  of  the  char.  Observe  in  Figures  3(b)  and  3(d)  that  voids 
which  separate  porous  areas  are  readily  visible.  The  voids  shown  are 
perhaps  50  to  100  microns  in  thickness.  Also  observe  in  Figure  3(a)  that 
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areas  exist  where  the  pores  are  not  continuous,  and  delaminations  several 
pore  diameters  long  are  apparent.  Further  note  the  visible  delaminations 
shown  in  Figure  21.  The  view  in  Figure  21  was  obtained  by  sectioning  a 
specimen  along  a  plane  parallel  to  the  direction  of  heat  flow.  It  is  obvious 
that  the  char  does  not  consist  of  well  defined  delaminated  and  undelaminated 
heat  flow  channels.  Further,  the  heat  flow  will  tend  to  concentrate  in  the 
solid  areas  adjacent  to  a  delamination  and  thus  somewhat  bypass  the 
delamination.  However,  for  purposes  of  this  analysis,  bypassing  effects 
were  neglected,  and  the  assumption  was  made  that  well  defined  heat  flow 
channels  existed. 

The  thermal  conductance  network  which  describes  the  heat  flow  through 
the  assumed  physical  model  is  shown  in  Figure  20(b).  The  separate  conduce 
tances  are  outlined  below: 
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radiant  conductance  through  cracks  parallel  to  the  heat  flow 
gas  conductance  through  cracks  parallel  to  the  heat  flow 
solid  conductance  through  undelaminated  area 
radiant  conductance  through  undelaminated  area 
gas  conductance  through  undelaminated  area 

radiant  conductance  through  porous  area  in  the  delaminated  area 
solid  conductance  through  porous  area  in  the  delaminated  area 
gas  conductance  through  porous  area  in  the  delaminated  area 
radiant  conductance  across  delamination 
gas  conductance  across  delamination 


Now  that  the  physical  model  and  the  thermal  conductance  network 
have  been  defined  the  equations  for  the  conductances  will  be  explored.  Each 
of  the  modes  of  heat  transfer,  radiation,  solid  conduction,  gas  conduction 
and  convection  will  be  discussed  under  separate  headings. 

Radiation.  -  There  are  three  radiation  components  of  concern  in  porous 
chars.  The  first  is  radiation  between  the  walls  of  the  pores;  the  second  is 
radiation  through  the  cracks  which  are  parallel  to  the  heat  flow;  and  the 
third  is  radiation  across  any  delaminations  (separations  normal  to  the  heat 
flow).  In  his  studies  of  porous  materials  (not  chars),  Russell^  considered 
radiation  across  the  pores  and  used  the  pore  diameter  as  the  effective 
radiation  length.  His  expression  has  been  modified  slightly  to  account  for 
a  radiant  length  which  may  be  longer  than  one  pore  diameter  because  of  the 
somewhat  open  pore  structure.  The  radiant  conductance  obtained  in  this 
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manner  is  based  on  the  heat  transfer  between  two  parallel  plates  a  finite 
distance  apart.  The  equation  for  the  radiant  conductance  through  the  porous 
area  in  a  delaminated  flow  channel  may  be  written 


K 


r 


3 

4a  e  x  A^x 
(2p  +  e)x  ax 


/  Radiation  through  \ 
I  delaminated  flow  i 
y  channel  / 


(7) 


where 

2p  +  e 
“  '  4cr  E 

=  (l-t)(l-F)p“^’A 

and 

a  =  Stefan-Boltzmann  constant 

e  =  emittance 

p  =  reflectance 

X  =  characteristic  radiant  length 

=  absolute  temperature 

f  =  fraction  of  total  cross-sectional  area,  normal  to  the  heat  flow, 

occupied  by  the  cracks  which  are  parallel  to  the  heat  flow. 

F  =  fraction  of  heat  flow  channels  which  are  undelaminated 
A  =  total  area 

P  =  porosity 

4  4  3 

Note  that  the  radiation  term  a(Ti  -  written  as  4a AT. 

By  algebraic  manipulation  it  can  be  shown  that  these  expressions  are 
equivalent  within  3  percent  error  if  AT  f'O.  346Tj^.  This  will  be  true 
for  a  reasonable  heat  flux  and  char  thickness.  Note  in  equation  (7)  that 
the  term  x/x  has  been  introduced  where  x  is  some  characteristic  radiation 
length  which  is  an  unknown  for  phenolic -nylon  chars  in  general.  This  term 
was  introduced  because  is  a  conductance  term  and  in  order  to  obtain 
an  expression  for  the  radiant  conductivity  from  equation  (7)  a  length  term 
is  needed,  i.  e. ,  kj*  =  Kj-x/Aj-  where  k^  is  the  radiant  conductivity.  Thus, 
an  expression  for  the  radiant  conductivity  would  contain  x  in  the  numerator 
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only.  If  X  is  thought  of  as  the  spacing  between  parallel  plates,  it  is  obvious 
that  the  larger  the  number  of  plates  (in  a  given  length)  the  smaller  x  will 
be  and  consequently  the  radiant  conductivity  will  be  less. 

The  term  (2p  +  e)  in  equation  (7)  arises  from  the  use  of  the  gray- 
body  shape  factor  for  the  heat  transfer  between  the  two  surfaces  with  the 
shape  factor  being  equal  to  one. 

As  it  is  written  equation  (7)  applies  to  radiation  through  the  porous  area 
in  a  delaminated  flow  channel,  A  similar  expression  also  applies  to  the  radiant 
conductance  of  an  undelaminated  flow  channel.  This  equation  may  be  obtained 
as  follows:  Take  the  reciprocal  of  the  thermal  conductance  of  an  element  of 
length  x,(Aj.'x/ax).  This  gives  the  thermal  resistance,  ax/A^'^*  of  one  element. 
Then  sum  all  of  the  resistances  over  the  total  length  L,  In  this  manner  the 
radiant  thermal  resistance  aL/Aj-'x  is  obtained.  Take  the  reciprocal  of 
the  thermal  resistance  to  obtain  the  thermal  conductance 

I  _  /  Radiation  through  undelaminated  \ 

aL  \  flow  channel  /  (8) 

where 

Aj.'  =  (l-f)FP^^^A 

L  =  thickness  across  which  heat  is  being  transferred. 

The  radiant  conductance  through  the  cracks  parallel  to  the  heat  flow 
may  be  written 

^  _  4a  ^'^m 

'  (Radiation  through  cracks)  (9) 

L 

where 

Ajj  =  fA 

In  equation  (9)  L  represents  the  length  of  the  crack  and  is  a  reradiation 
shape  factor.  Values  of  the  shape  factor  may  be  estimated  from  curves 
developed  by  Jakob®  for  radiation  through  openings.  All  that  is  needed  for 


25 


the  approximation  is  the  ratio  of  the  minimum  crack  dimension  to  the  crack 
length.  The  term  L/L  was  introduced  for  use  later  in  summing  conduc¬ 
tances. 

The  radiant  conductance  across  the  delaminations  may  be  written 


Kdr  = 

4aAdeTmt  _ 

Adt 

1  Radiation  across 

(2p  +  e)t 

at 

\delaminations 

where 

t 

Ad  = 

delamination  thickness 
(l-f)(l-F)A 

Equations  (7)  through  (10)  should  adequately  describe  the  radiant 
heat  transfer.  The  two  major  unknowns  in  these  equations  are  (1)  the 
radiant  length  through  the  porous  area,  and  (2)  the  delamination  thickness. 
Transparency  of  the  solid  was  neglected.  This  aspect  requires  further 
study. 


Solid  Conduction.  -  Solid  conduction  through  the  char  accounts  for  a 
considerable  portion  of  the  heat  transfer.  The  matrix  conductance  for  a 
delaminated  flow  channel  may  be  written 
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k  A 
m-^m 


(Solid  conduction  through 
delaminated  flow  channel) 


(11) 


where 

km  =  thermal  conductivity  of  the  matrix 
=  (l-f)(l-F)(l-p"^®)A 


In  equation  (11)  the  solid  conduction  length,  x,  is  taken  to  be  equal  to  the 
radiant  length.  This  is  of  no  consequence  since  any  length  can  be  used  as 
long  as  the  summing  of  lengths  is  properly  performed.  The  determination 
of  the  effective  cross-sectional  area  is  most  important.  Some  authors  have 
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used  (1-P)A  as  the  effective  cross-sectional  area  for  isometric  pores, 
where  P  is  the  volume  pore  fraction®.  Russell^  and  Ribaud  (presented  in 
Reference  6)used  (1-P^/®)A  as  the  effective  conduction  cross  section. 
The  latter  expression  appears  to  best  describe  the  effective  cross- 
sectional  area.  This  relation  needs  experimental  verification  for  these 
highly  porous  chars  as  it  has  some  bearing  on  reducing  the  matrix 
conductivity  from  experimental  measurements  of  the  "apparent"  thermal 
conductivity. 

For  an  undelaminated  flow  channel  the  equation  for  the  solid 
conductance  is 


Solid  conduction  through  \ 
undelaminated  flow  channel  (12) 


where 

A^'  =  (l-f)F(l-p2/3)A 

L  =  total  thickness  across  which  heat  is  being  transferred 


Km' 
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Gas  Conduction,  -  There  are  three  gas  conduction  components  in  the 
chars:  (1)  gas  conduction  through  the  porous  areas,  (2)  gas  conduction 
through  the  cracks  parallel  to  the  direction  of  heat  flow,  and  (3)  gas 
conduction  across  any  delaminations.  These  conductances  may  be  written 
as  follows: 


K 


g 


Gas  conduction  through 
delaminated  flow  channel 


(13) 
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Gas  conduction  through 
undelaminated  flow  channel 


Gas  conduction  through 
cracks 

Gas  conduction  across  \ 
delamination  J 
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(15) 
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where 


g 


g 

A°' 

Ar 

Ad 


L 

t 


thermal  conductivity  of  the  gas 

(l-f)FP2/3A 

fA 

(l-f)(l-F)A 

characteristic  radiant  length 

total  thickness  across  which  heat  is  being  transferred 
delamination  thickness 


Convection.  -  At  the  outset  of  the  analysis  it  appeared  that  gas 
convection  could  be  neglected  because  of  the  minuscule  pore  sizes.  Further, 
the  orientation  of  the  specimen  with  the  heat  flowing  from  top  to  bottom 
ruled  out  convection  as  stratification  occurred.  A  review  of  some  of  the 
literature  essentially  confirmed  that  gas  convection  was  insignificant  in 
small  samples  having  other  orientations,  Kreittf®  presents  the  results 
of  DeGraaf  and  Von  der  Held  and  Mull  and  Reiher  for  studies  of  the  free 
convection  heat  transfer  in  enclosed  air  spaces.  Based  on  their  results 
for  horizontal  layers,  heated  from  below,  free  convection  does  not  begin 
until  the  Grashof  number  (based  on  the  separation  of  the  heat  transfer 
surfaces)  exceeds  1600.  The  Grashof  numbers  for  the  porous  char  were 
calculated  to  be  246  and  0.  437  for  nitrogen  and  helium,  respectively,  based 
on  the  total  gage  length  of  the  char  as  the  characteristic  length.  Since  the 
Grashof  number  is  based  on  L  cubed,  where  L  represents  the  separation 
of  the  surfaces,  the  use  of  total  specimen  gage  lengths  would  represent 
the  worst  case.  The  calculations  were  performed  for  a  temperature  of 
400°F  and  a  temperature  difference  of  100°F  (the  upper  limit  ascertained 
from  the  measurements).  The  highest  Grashof  number,  calculated  for 
nitrogen,  is  far  below  the  critical  Grashof  number  for  the  onset  of  free 
convection  in  air.  Grashof  numbers  for  helium  are  much  lower  than  for 
air.  Assuming  that  the  critical  Grashof  number  for  helium  is  probably 
not  much  different  from  the  value  for  air  (1600),  it  is  logical  to:  conclude 
that  free  convection  is  also  negligible  in  helium. 

Russell^  said  that  it  appeared  that  for  low  temperatures  and  small 
pores  the  conductivity  of  the  pores  is  that  of  air  alone,  Vershoor  and 
Greebler^^  deduced  from  experimental  measurements  on  glass  wool  with 
fiber  diameters  of  2.  58  microns  that  the  free  convection  of  air  contributed 
only  0.145  x  10"®  Btu/sec-ft-°F  and  0.049  x  10~®  Btu/sec-ft-°F  to  total 
conductivities  of  0.915  x  10"®  Btu/sec-ft-°F  and  0.  570  x  10"®  Btu/sec-ft-®F 
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for  bulk  densities  of  0.  546  and  4.  63  Ib/ft^  respectively.  Their  mea¬ 
surements  were  made  at  a  mean  temperature  of  150°F  and  with  a 
temperature  difference  of  about  120°F.  For  the  least  dense  material  the 
contribution  by  free  convection  was  a  maximum  of  16  percent  of  the  total 
conductivity  of  the  glass  wool  which  has  a  very  low  conductivity.  Note  that 
the  absolute  values  of  free  convection  may  be  neglected  with  reference  to 
the  experimental  measurements  made  in  this  program  since  they  were  less 
than  one  percent  of  the  apparent  thermal  conductivity  of  the  char  in  nitrogen. 
Further  the  fibrous  materials  on  which  their  measurements  were  made  were 
more  porous  than  the  chars  which  means  that  the  contribution  by  free 
convection  would  be  less  in  the  chars.  Thus^  these  data  provide  another 
indication  that  free  convection  may  be  neglected. 

It  is  a  well  known  fact  that  heat  transfer  by  free  convection  is 
dependent  on  the  temperature  difference.  On  some  of  the  specimens  data 
were  obtained  near  500°F  with  different  temperature  differences  across  the 
specimens.  These  measurements  did  not  reveal  a  consistent  dependence 
on  temperature  difference.  For  example,  on  Specimen  42-3  thermal 
conductivities  at  500°F  in  nitrogen  of  19.  6  and  17.  5  x  10“®  Btu/sec-ft-°F 
were  measured  for  temperature  differences  of  38°F  and  72°F,  respectively. 
The  thermal  conductivity  of  Specimen  30-4  at  500°F  in  nitrogen  was  17.  0  x 
10  ®  Btu/sec-ft-°F  for  a  temperature  difference  of  46°F,  while  the  corre¬ 
sponding  value  for  Specimen  30-6  was  18.  2  x  10"®  Btu/sec-ft-°F  for  a 
temperature  difference  of  91  °F.  Specimen  42-4  exhibited  a  lower  thermal 
conductivity  in  helium  than  Specimen  42-5  with  the  temperature  differences 
being  84°F  and  39°F,  respectively.  All  of  these  differences  appeared  to  be 
within  the  data  scatter.  Therefore,  while  it  may  be  worthwhile  to  pursue 
free  convection  effects  further,  it  certainly  appears  that  these  effects  were 
negligible  for  the  specimen  size  and  orientation  to  the  heat  flow  used  in  this 
program. 


Equation  for  Apparent  Thermal  Conductivity  of  Char 


The  conductances  which  are  shown  in  Figure  20  and  presented  in 
equations  (7)  through  (16)  were  combined  to  obtain  an  expression  for  the 
overall  conductance,  K,  of  the  char.  These  conductances  were  combined 
through  the  use  of  the  laws  of  series  and  paralleTelectrical  conductances. 
In  combining  the  conductances  use  was  made  of  the  fact  that  the  total 
thickness  of  the  delaminations  in  a  delaminated  flow  channel  is  nt,  where 
n  is  the  total  number  of  delaminations  and  t  is  the  average  thickness  of  one 
delamination.  Therefore,  the  length  of  the  porous  area  in  a  delaminated 
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flow  channel  is  (L-nt).  The  expression  for  the  overall  conductance  was 
reduced  to  an  expression  for  the  apparent  thermal  conductivity  of  the  char 
through  the  relation 


Q  =  KAT 


k^AAT 

L 


(17) 


where 

K  =  overall  conductance 

=  apparent  thermal  conductivity 
A  =  total  area 

L  =  total  length 

AT  =  temperature  difference 


The  expression  obtained  for  the  apparent  thermal  conductivity  of 
the  char  was 


(l-f)(l-F)(t/a  +  kg)(  + 

(1  -c)(5+kg)+  c[iZlh+pW3kgUl-P''bk^l 

+  4f  aFir,TjL  +  fkg  +(l-f)F|P*'’kg 
/  ,  X  P2  /3 

+  (l-p2/3)  k  +  — -  ] 

3. 


(18) 


where 

nt 

c  -  — 

L 

The  details  of  the  derivation  of  equation  (18)  are  presented  in  Appendix  B. 
The  unknowns  in  equation  (18)  are  Fj  x,  t,  c,  and  k^. 
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Remember  that  equation  (18)  is  valid  only  for  char  thicknesses,  L, 
such  that  AT  -  0.346  Tj^.  This  restriction  may  be  circumvented  when 
such  is  not  the  case  by  segmenting  the  total  thermal  model. 


Thermal  Conductivity  of  Gases 


The  apparent  thermal  conductivity  of  gases  at  low  densities  (free- 
molecule  conduction)  depends  upon  the  separation  of  the  surfaces  between 
which  heat  is  being  transferred  and  the  gas  pressure  (density).  This 
results  from  the  fact  that  the  mean  free  path  of  the  gas  at  low  pressures 
is  of  the  order  of  the  separation  distance.  In  a  continuum  gas  the  mean 
free  path  is  much  shorter  than  the  separation  distance,  and  the  gas  con¬ 
ductivity  is  essentially  independent  of  the  geometry  and  pressure.  Kennard*^^ 
gives  the  following  equation  for  the  heat  transfer  per  unit  area  per  unit  time 
between  flat  plates  for  gases  at  low  densities: 


^  =  ^ai  +  ag  -  a^ag  )  2  (^  +  1)  (2  tt  RTY^ 

where 

H  =  heat  transferred  per  unit  area  per  unit  time 
3-i>  3-2  =  accommodation  coefficients  for  surfaces  1  and  2, 
respectively 

r  =  ratio  of  specific  heat  at  constant  pressure  to  the 

specific  heat  at  constant  volume 
=  specific  heat  at  constant  volume 
R  =  gas  constant 

P  =  pressure 

T  =  absolute  temperature 


(19) 


Equation  (19)  yields  the  following  equation  for  the  thermal  conductivity 
of  helium  at  500°F 


kg  =  1026  X  10"®  pAx 


(20) 
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where 


kg  -  thermal  conductivity  of  gas  in  Btu/sec-ft-°F 
p  =  pressure  in  torr 

Ax  =  separation  of  heat  transfer  surfaces  in  feet 


At  0.010  torr  and  for  a  separation  of  0.  000164  ft  (50  microns; 
approximate  pore  diameter),  the  value  for  the  thermal  conductivity  of 
helium  calculated  from  equation  (20)  was  0.00167  x  10  ^  Btu/sec~ft“  F. 
Based  on  this  value  the  gas  conductivity  can  be  considered  negligible  at 
vacuum  since  the  continuum  value  for  helium  is  3.  5  x  10  Btu/sec-ft-°F. 
Note  that  if  a  pressure  of  760  torr  is  inserted  into  equation  (20)  the 
calculated  value  for  the  same  separation  is  126  x  10"®  Btu/sec-ft-°F, 
which  is  too  high  and  indicates  that  a  continuum  exists  and  the  equation 
does  not  apply. 

Continuum  values  were  used  for  the  thermal  conductivities  of  nitrogen 
and  helium  at  760  torr.  These  curves  of  the  thermal  conductivity  versus 
temperature  for  nitrogen  and  helium  are  presented  in  Figure  22. 


Correlation  of  Thermal  Model  with  Measurements 


The  first  step  taken  in  order  to  apply  equation  (18)  to  the  experimental 
data  was  to  estimate  the  radiation  terms,  xP^/®  /a,  t/a,  and  4f  cr  F  Tj^3  l. 
For  a  radiant  length,  x,  of  508  microns  (approximately  10  pore  diameters), 
a  reflectance,  p,  of  0.  2,  an  emittance,  e,  of  0,  8,  and  a  reradiation  shape 
factor,  Fir2  »  of  0.10  (estimated  from  approximate  measurements  of  the 
crack  size),  the  radiation  terms  were  negligible  at  500°F.  Since  the 
radiation  terms  were  small,  the  value  of  t  had  little  influence  on  the  results; 
therefore,  this  term  was  ignored  in  the  low  temperature  calculations.  Only 
the  total  delamination  thickness,  nt,  was  considered  in  accounting  for  gas 
conduction  across  the  delaminations.  Therefore,  at  the  500°F  mean 
temperature,  only  three  unknowns  remain,  namely,  c,  F,  and  k^;^.  The 
fraction  of  the  total  area  which  was  occupied  by  the  cracks,  f,  was  estimated 
to  be  0.1. 

The  experimental  data  at  500°F  were  used  with  equation  (18)  to 
determine  the  values  of  c,  F,  and  k^n  for  each  specimen.  Experimental 
data  were  obtained  for  three  different  environmental  conditions  (vacuum. 
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nitrogen  and  helium).  Thus,  the  measurements  represent  the  apparent 
thermal  conductivities  for  three  values  of  kg  (thermal  conductivity  of 
gas).  One  equation  in  c,  F,  and  kj^  was  written  from  equation  (18)  for 
each  environmental  condition.  In  writing  these  equations  the  radiation 
terms  were  assumed  to  be  zero  since  calculations  had  shown  that  the  values 
of  these  terms  were  negligible  at  500°F.  Also,  the  proper  values  for  the 
char  thickness,  temperature  and  porosity,  for  a  given  specimen,  were 
substituted  into  equation  (18)  along  with  the  values  of  k^  and  kg  for  a  given 
environmental  condition.  Hence,  three  simultaneous  equations  were 
obtained  and  these  equations  were  solved  for  c,  F  and  kj^.  Only  one 
set  of  values  for  c,  F  and  k^^  were  obtained  for  each  specimen  at  the  given 
temperature  level  since  there  were  three  experimental  conditions  and 
three  equations  were  required  for  a  solution. 

The  results  of  these  calculations  are  shown  in  Table  14.  Also  shown 
in  Table  14  are  the  data  used  in  this  analysis  and  the  char  porosities.  The 
parameter  c  represents  the  ratio  of  the  delamination  length  to  the  total 
length;  note  that  the  values  ranged  from  0.  6  percent  to  7, 1  percent  of  the 
total  length  with  a  mean  value  of  approximately  3  percent.  This  appears  to 
be  a  reasonable  value  and  does  not  represent  an  excessive  amount  of 
cracking.  The  factor  which  represented  the  fraction  of  the  flow  channels 
which  were  undelaminated,  F,  ranged  from  0.  48  to  0.  72,  which  again 
indicates  a  reasonable  range  of  values.  There  was  considerable  scatter  in  the 
matrix  conductivity  from  127  x  10“®  Btu/sec-ft-°F  to  248  x  10“®  Btu/sec-ft- 
°F.  These  values  are  higher  than  the  range  of  values,  69  to  115  x  10“®  Btu/ 
sec-ft-°F,  which  is  generally  accepted  for  carbon.  The  data  reductions 
suggest  that  those  specimens  having  the  lowest  densities.  Specimens  19-4 
and  19-5,  had  the  highest  matrix  conductivity.  Note  in  Table  14  that  the 
matrix  conductivity  was  also  reduced  using  P  rather  than  P2/3  in  equation 
(18)  and  yielded  lower  values  which  were  still  higher  than  the  values 
normally  used  for  carbon. 

Since  the  range  of  porosities  was  small  and  there  was  considerable 
scatter  in  the  parameters,  it  is  hard  to  evaluate  the  model  for  its  applica¬ 
bility,  The  fact  that  c,  F,  and  kn^  varied  from  specimen  to  specimen 
prohibited  using  one  set  of  values  to  attempt  a  correlation  of  all  of  the  data. 

The  values  reduced  from  the  measurements  are  reasonable,  and  there 
is  a  possibility  that  the  thermal  conductivity  of  the  matrix  is  higher  than 
the  value  for  carbon  because  of  graphitization.  The  variation  in  thermal 
conductivity  through  the  thickness  measured  on  Specimen  42-3  indicates  that 
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the  conductivity  increases  with  charring  temperature.  That  is,  the 
end  of  the  char  which  was  exposed  to  the  hot  gases  reached  the  highest 
temperature  level  and  also  had  the  highest  thermal  conductivity,  Graphi- 
tization  undoubtedly  caused  this  effect  and  the  degree  of  graphitization 
may  be  a  function  of  time  as  well  as  temperature. 

One  additional  check  on  the  model  is  to  see  how  the  predicted  variation 
in  the  "apparent”  thermal  conductivity  with  temperature  agrees  with  the  data. 
The  apparent  conductivity  was  calculated  using  the  reduced  values  of  c,  F, 
and  given  in  Table  14,  from  250°F  to  1000°F  for  each  specimen.  The 
results  of  these  calculations  are  given  in  Figures  23,  24,  and  25,  Note  that 
the  values  predicted  at  the  higher  temperatures  usually  agreed  with  the 
measured  values  within  the  experimental  uncertainty  with  the  exception  of 
the  vacuum  data  at  the  higher  temperatures  for  Specimens  19-4  and  42-3, 
Figures  23  and  25,  respectively.  The  data  for  Specimen  19-4  indicate  that 
the  value  at  500°F  in  vacuum  may  be  low  and  that  the  theoretical  curve 
should  be  shifted  up.  The  data  for  Specimen  42-3  at  500°F  in  vacuum 
appear  erroneous.  There  is  no  reasonable  explanation  for  this  large 
increase  of  thermal  conductivity  with  temperature. 


Correlation  of  Thermal  Model 
with  Prior  High  Temperature  Data 


Equation  (18)  contains  all  of  the  mechanisms  of  heat  transfer  which 
are  essential  to  the  apparent  thermal  conductivity  of  the  char  except  for 
the  possibility  that  the  carbon  structure  might  be  transparent  to  thermal 
radiation  at  higher  temperatures.  The  thermal  conductivity  at  higher 
temperatures  was  computed  using  equation  (18)  in  order  to  compare  the 
results  with  prior  high  temperature  data.  The  parameters  used  in  the 
calculations  were  those  given  in  Table  14  for  Specimen  19-4  since  the  data 
for  this  specimen  agreed  with  the  prior  data  at  1000°F.  Nitrogen  was 
assumed  to  be  the  environmental  gas.  The  average  crack  thickness  was 
assumed  to  be  2.  5  microns  which,  for  the  value  of  c  used,  represents 
52  delaminations.  The  calculations  were  performed  for  matrix  conductivi¬ 
ties  of  231  X  10“®,  462  X  10"^  and  693  x  10”®  Btu/sec-ft-°F.  The  effective 
radiant  length,  x,  was  taken  to  be  50  microns  for  one  case  and  500  microns 
(about  8  average  pore  diameters)  for  the  other.  The  results  are  presented 
in  Figure  26.  The  curves  for  a  radiant  length  of  50  microns  are  shown  as 
solid  lines,  and  the  curves  for  500  microns  radiant  length  are  shown  as  the 
dotted  lines.  Prior  data  reported  in  References  1  and  2  are  shown  on  the 
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figure  for  comparison.  Note  that  the  measured  values  at  the  higher 
temperatures  exceed  the  predicted  values  for  a  matrix  conductivity  of 
231  X  10“®  Btu/sec-ft-°F,  even  assuming  that  the  effective  radiant  length 
is  8  pore  diameters.  Similar  results  are  presented  in  Figure  27  for  an 
average  crack  thickness  of  50  microns,  which  represents  only  2  or  3 
delaminations  (all  other  parameters  used  were  the  same).  Notice  that 
the  change  in  the  delamination  thickness  shifted  the  curves  up  only  slightly. 

The  first  high  temperature  calculations  were  based  on  nitrogen.  There 
is  a  strong  possibility  that  helium  permeates  into  the  pores,  which  initially 
contained  air,  after  one  or  two  hours  of  exposure  time  in  the  radial  inflow 
apparatus.  Therefore,  a  family  of  high  temperature  curves  were  generated 
assuming  that  helium  was  in  the  pores.  The  results  of  these  calculations 
are  shown  in  Figure  28,  The  calculations  were  performed  using  the  same 
parameters  as  were  used  in  developing  the  other  two  sets  of  high  tempera¬ 
ture  curves  (See  Figures  26  and  27).  Notice  that  the  curves  were  shifted 
up  from  the  nitrogen  predictions  and  that  the  slopes  were  slightly  greater. 
Note  that  for  a  matrix  conductivity  of  231  x  10“®  Btu/sec-ft-°F  and  a  radiant 
length  of  8  pore  diameters,  500  microns,  the  calculated  values  were  only 
15  percent  lower  than  the  measured  value  at  5000°F. 

The  high  temperature  calculations  indicate  that  the  thermal  conduc¬ 
tivity  of  porous  chars  can  be  explained  only  by  (1)  additional  graphitization 
resulting  from  time  exposure  at  temperature  which  raises  the  matrix 
thermal  conductivity;  or  (2)  a  radiant  length  which  is  several  pore  dia¬ 
meters;  or  (3)  transparency  of  the  carbon  structure  to  thermal  radiation. 
There  is  also  an  indication  that  the  environmental  conditions  for  the  high 
temperature  data  in  the  radial  inflow  apparatus  may  have  changed  during  the 
experiment.  Helium  may  have  been  the  predominant  gas  at  high  tempera¬ 
tures,  whereas  nitrogen  and  the  reaction  products,  CO  and  COg,  may  have 
been  present  at  the  lower  temperatures.  This  would  have  given  the 
experimental  data  a  greater  slope. 

If  graphitization  is  disdained  as  the  cause  of  the  sharp  increase  in 
thermal  conductivity  at  high  temperatures,  then  one  has  to  accept  the  hypo¬ 
thesis  that  helium  replaced  nitrogen  in  the  structure  and  that  the  radiant 
length  is  perhaps  10  average  pore  diameters  or  the  material  is  transparent 
to  thermal  radiation.  It  is  hard  to  imagine  that  the  radiant  length  could  be 
10  pore  diameters  long  (and  still  have  a  geometric  shape  factor  of  one). 
However,  transparency  of  the  matrix  material  to  thermal  radiation  is 
conceivable  at  the  higher  temperatures.  Little  can  be  said  of  transparency 
effects  without  some  experimentation. 
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There  are  two  arguments  which  suggest  additional  graphitization  with 
time  at  temperature  exposure  and  subsequently  higher  matrix  thermal 
conductivity  values.  The  first  is  our  measurements  on  Specimen  42-3 
which  indicated  that  the  side  of  the  specimen  which  was  exposed  to  the 
highest  temperature  for  the  longest  period  of  time  had  a  considerably 
higher  thermal  conductivity.  The  second  agrument  pertains  to  some 
experimental  data  taken  by  Neubert,  Royal  and  Van  Dyken,.  which  is 
presented  in  Reference  13.  The  material  for  their  experiments  consisted 
of  Whiting  coke  and  Barrett  No.  30  pitch  extruded  in  long  bars  and  then 
reimpregnated  with  pitch.  Room  temperature  measurements  were  made 
on  heat  treated  specimens  from  this  material  in  an  axial  heat  flow  apparatus. 
Separate  samples  were  heated  to  3812°F,  4352°F,  and  5432°F.  The  hold 
times  were  not  specified.  The  room  temperature  thermal  conductivities  of 
these  samples  were  485  x  10"®,  1250  x  10"®,  and  2330  x  10"®  Btu/sec-ft-°F 
for  the  heating  temperatures  of  3812°F,  4352°F,  and  6432°F,  respectively. 
Further,  they  stated  that  the  lowest  conductivity  specimen  was  typical  of 
a  product  for  which  the  graphitization  had  barely  begun.  This  statement 
means  little  quantitatively,  and  the  applicability  of  these  data  to  phenolic- 
nylon  chars  is  questionable.  However,  these  results  correlate  somewhat 
with  the  results  of  the  thermal  analysis  and  indicate  that  "barely  begun" 
graphitization  can  give  high  matrix  conductivities.  If  barely  begun  graphiti¬ 
zation  means  only  a  slight  change  in  X-ray  diffraction  patterns  from  the 
carbon  structure,  the  results  of  Neubert,  Royal,  and  Van  Dyken  may  indicate 
that  significant  changes  in  the  thermal  conductivity  can  result  from  seemingly 
insignificant  changes  in  the  lattice  parameters. 

In  summary,  it  appears  that  an  analysis  of  the  prior  thermal  conduc¬ 
tivity  evaluations  at  high  temperatures  using  the  radial  inflow  apparatus  is 
confounded  by  an  increasing  matrix  thermal  conductivity  which  results 
from  temperature- time  graphitization  effects.  The  matrix  conductivity  of 
"in-flight"  char  may  lie  below  the  values  reduced  from  the  low  temperature 
measurements  on  chars  exposed  for  120  to  150  seconds.  Exactly  where 
in-flight  values  would  fall  depends  on  the  effects  of  time  at  temperature. 

An  in-flight  char  would  most  likely  not  have  as  high  a  thermal  conductivity 
as  measured  in  the  steady- state  apparatus  unless  graphitization  takes  place 
very  rapidly  once  a  given  temperature  level  is  reached.  The  measurements 
on  the  upper  portion  of  Specimen  42-3  indicate  that  this  effect  may  be 
rapid,  occurring  over  a  120  second  time  interval.  A  knowledge  of 
the  effect  of  time  at  temperature  is  vital  to  predictions  of  the  in-flight 
char  thermal  conductivity.  If  the  time  required  for  graphitization  to  occur 
is  extremely  small,  then  the  thermal  conductivity  of  the  char  is  essentially 
dependent  on  the  temperature  alone.  In  this  event,  the  thermal  conductivity 
measured  in  the  steady- state  apparatus  represents  the  thermal  conductivity 


of  the  in  -flight  char.  However,  this  significant  increase  in  thermal 
conductivity  with  temperature  would  be  explained  by  additional  graphiti- 
zation  rather  than  a  large  amount  of  thermal  radiation.  Later,  some 
possible  means  of  resolving  these  uncertainties  will  be  presented. 


CONCLUSIONS 


At  low  temperatures  (100  -  1000°F),  the  apparent  thermal  conductivity 
of  phenolic-nylon  chars  primarily  consists  of  the  contributions  of  solid 
conduction  and  gas  conduction.  At  1000°F  the  radiation  contribution  is  a 
minimum  of  0.  066  x  10“®  Btu/sec-ft-°F  (radiant  length  of  one  pore  diameter) 
and  a  maximum  (ignoring  transparency  effects)  of  0,  66  x  10"®  Btu/sec-ft-°F 
(radiant  length  of  8  pore  diameters).  The  higher  value  represents  a 
maximum  contribution  to  the  total  conductivity  of  6.  6  percent  (based  on  the 
lowest  vacuum  data  and  the  longest  radiant  length). 

The  contributions  by  the  matrix  and  by  the  gas  are  inseparable  in 
that  the  gas  thermally  "shorts"  the  delaminations  and  increases  the  effective 
area  for  matrix  conduction.  If  this  effect  is  called  a  contribution  by  the 
gas,  then  the  gas  can  contribute  more  than  twice  its  own  conductivity  to  the 
apparent  thermal  conductivity  of  the  char.  It  appears  that  equation  (18) 
adequately  describes  the  effects  of  the  gas  conductivity. 

The  most  likely  range  of  values  for  the  thermal  conductivity  of  the 
matrix  (for  plasma  torch  charring  conditions)  is  155  x  10-5  to  250  X  10-5 
Btu/sec-ft-°F  for  the  range  of  densities  investigated.  The  data  suggest 
that  the  more  dense  the  virgin  material  the  lower  the  matrix  conductivity 
for  a  given  exposure  time,  probably  because  the  denser  material  reaches 
lower  internal  temperatures  during  the  exposure  since  it  has  more  heat 
storage  capability. 

Equation  (18)  probably  will  provide  a  reasonable  correlation  with  the 
high  temperature  thermal  conductivity  data  once  the  matrix  conductivity, 
radiant  length,  and  transparency  effects  are  defined.  The  heat  transfer 
aspects,  the  effects  of  exposure  time  at  temperature,  and  the  radiant 
transmission  characteristics  should  be  further  explored  in  order  to  refine 
the  analysis. 

The  apparent  thermal  conductivity  of  phenolic-nylon  chars  varies 
with  porosity.  The  exact  dependence  on  porosity  has  not  been  established 
because  of  the  small  range  of  porosities  investigated  and  a  confounding  of 
the  results  by  apparent  differences  in  the  matrix  thermal  conductivity. 
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If  the  value  of  the  matrix  conductivity  is  known  accurately,  it  is 
possible  to  use  equation  (18)  with  c  *=  0  to  predict  the  apparent  thermal 
conductivity  of  the  char  in  different  gas  media  (not  in  vacuum)  within 
about  15  percent  uncertainty.  Equation  (18)  gives  results  similar  to 
Russell's  equation  when  c  =  0.  The  utility  of  this  approach  is  that  one 
would  not  have  to  establish  statistical  values  for  c  and  F  in  order  to 
apply  the  equation  to  chars  in  general.  However,  if  the  vacuum  values 
are  of  concern,  one  must  make  enough  experiments  to  statistically 
establish  c  and  F  for  a  wide  range  of  char  conditions. 


Southern  Research  Institute 
Birmingham,  Alabama 
August  7,  1967 
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APPENDIX  A 


A  COMPARATIVE  ROD  APPARATUS  FOR  MEASURING 
THERMAL  CONDUCTIVITY  TO  2000T 


Southern  Research  Institute's  comparative  rod  apparatus  is  used  to 
measure  thermal  conductivities  of  a  wide  variety  of  materials  from  -300°F 
to  2000°F.  This  apparatus,  shown  schematically  in  Figure  Al,  consists 
basically  of  two  cylindrical  reference  pieces  of  known  thermal  conductivity 
stacked  in  series  with  the  cylindrical  specimen.  Heat  is  introduced  to  one 
end  of  the  rod,  composed  of  the  references  and  specimen,  by  a  small 
electrical  heater.  A  cold  sink  or  heater  is  employed  at  the  opposite  end 
of  the  rod  as  required  to  maintain  the  temperature  drop  through  the  specimen 
at  the  preferred  level.  Cylinders  of  zirconia  may  be  inserted  in  the  rod 
assembly  to  assist  in  controlling  the  temperature  drop.  Radial  losses  are 
minimized  by  means  of  radial  guard  heaters  surrounding  the  rod  and 
consisting  of  three  separate  coils  of  26- gage  Kanthal  wire  wound  on  a  2- 
inch  diameter  alumina  core.  The  annulus  between  the  rod  and  the  guard 
heaters  is  filled  with  diatomaceous  earth.  Surrounding  the  guard  is  an 
annulus  of  diatomaceous  earth  enclosed  in  an  aluminum  shell. 

The  specimens  and  references  (see  Figure  A2)  are  1-inch  diameter  by 
1-inch  long.  Thermocouples  located  ^  inch  apart  in  radially  drilled  holes 
measure  the  axial  temperature  gradients.  Thermocouples  located  at 
matching  points  in  each  guard  heater  are  used  to  monitor  guard  temperatures, 
which  are  adjusted  to  match  those  at  corresponding  locations  in  the  test  section. 

In  operation,  the  apparatus  is  turned  on  and  allowed  to  reach  steady 
state.  The  guard  and  rod  heaters  are  adjusted  to  minimize  radial  tempera¬ 
ture  gradients  between  the  rod  and  guard  sections  consistent  with  maintaining 
equivalent  functions  of  thermal  conductivity  times  temperature  difference  in 
the  references.  Temperatures  are  measured  on  a  Leeds  and  Northrup 
Type  K-3  potentiometer,  and  the  temperature  gradients  are  calculated.  A 
typical  temperature  profile  in  the  test  section  is  shown  in  Figure  A3. 

The  thermal  conductivity  of  the  specimen  is  calculated  from  the 
relation 


k 


s 


kxAT, 

AXj 


+ 


kaAT,  \ 

AX2  J 


Axg 
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where  and  are  the  thermal  conductivities  of  the  upper  and  lower 
references;  AT^,  ATg,  and  ATg  are  the  temperature  gradients  in  the 
upper  and  lower  references  and  specimen,  respectively;  AXg  .  AXj^,  and 
AXg  are  the  distances  between  thermocouples  in  the  specimen,  lower 
reference  and  upper  reference,  respectively. 

Note  that  for  purely  axial  heat  flow,  the  products  kj^ATj^  and  kg  ATg 
should  be  equal.  Due  to  imperfectly  matched  guarding  and  other  factors, 
this  condition  is  seldom  attained  in  practice;  therefore,  the  average  of 
the  two  values  is  used  in  the  calculations.  Their  difference  is  maintained 
as  small  as  possible,  usually  less  than  5  percent  of  the  smaller  value. 

The  gage  lengths  are  determined  as  follows:  the  depth  of  the  hole  is 
measured  by  inserting  a  snugly  fitting  drill  rod  in  the  hole,  measuring  the 
projecting  length  and  subtracting  it  from  the  total  length  of  the  rod.  The 
slope,  or  angle  the  hole  makes  with  the  perpendicular  to  the  specimen 
axis,  is  determined  by  inserting  a  drill  rod  into  the  hole  and  measuring 
the  slope  of  the  drill  rod  with  respect  to  the  flat  surface  of  the  specimen. 

The  location  of  the  bottom  of  the  holes  with  respect  to  the  surface  of  the 
specimen  can  then  be  determined  from  the  measurements  of  the  depth  and 

slope. 

For  reference  materials,  Armco  iron  or  copper  is  used  with  high 
conductivity  specimens,  316  stainless  steel  with  specimens  of  intermediate 
conductivities,  and  Teflon,  Pyroceram  9606,  or  Pyrex  with  low  conductivity 
specimens.  Extensive  calibration  of  the  apparatus,  using  these  reference 
materials  as  standards,  has  yielded  accuracies  to  about  5  percent  error, 
when  sufficient  care  is  exercised  to  maintain  closely  matched  temperatures 
between  the  guard  and  test  sections.  Even  with  careless  matching,  the  error 
is  only  about  10  percent  so  the  system  is  not  particularly  sensitive  to  minor 

unbalances. 

To  establish  the  accuracy  of  the  apparatus  some  initial  runs  were  made 
on  316  stainless  steel,  using  Armco  iron  as  the  reference.  The  data,  shown  ^ 
in  Figure  A4,  are  somewhat  higher  than  those  reported  by  Lucks,  and  Deem 
but  agree  well  with  the  values  reported  by  several  steel  manufacturers.  Note 
that  the  data  scatter  is  less  than  5  percent.  The  data  on  stainless  steel  were 
confirmed  by  evaluating  Armco  iron,  using  316  stainless  steel  as  reference. 
These  data  are  shown  in  Figure  A5  in  comparison  with  values  reported  by 
Powell^®,  who  compiled  his  curve  from  the  data  of  numerous  investigators. 
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and  estimated  its  accuracy  to  be  within  +  2  percent  over  the  range  from  0° 
to  1000°C.  The  comparative  rod  data  for  Armco  iron,  which  were  computed 
using  the  solid  curve  of  Figure  A4  for  the  thermal  conductivity  of  the 
stainless  steel  reference,  agree  with  Powell's  data  within  5  percent,  thus 
comfirming  the  data  obtained  for  stainless  steel. 

Some  additional  data  obtained  on  the  comparative  rod  apparatus  are 
shown  in  Figures  A6  and  A7.  Figure  A6  shows  thermal  conductivity  data 
for  ATJ  graphite,  with  grain,  using  Armco  iron  as  the  reference  material. 
These  data  show  excellent  agreement  with  earlier  data  obtained  here  and 
with  those  from  other  sources^®  The  maximum  scatter  of  the  comparative 

rod  points  was  about  5  percent. 

Figure  A7  shows  data  for  thermocouple  grade  constantan  obtained  on  the 
comparative  rod  apparatus  using  Armco  iron  references,  and  on  Southern 
Research  Institute's  high  temperature  radial  inflow  apparatus.  Note  the 
excellent  agreement.  These  data  also  show  close  agreement  with  data 
obtained  by  Silverman^^  on  an  alloy  of  similar  composition. 
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Figure  Al.  Schematic  of  comparative  rod  thermal  conductivity  apparatus 


Tolerances  *0,003  unless  otherwise  noted 


Note:  The  gage  length  between  holes  was  less  than  that  shown  because  the  thickness 
of  the  char  was  less  than  one  inch. 


Figure  A2.  Specimen  configuration  for  comparative  rod  thermal  conductivity 
apparatus 


thermal  conductivity  of  Armco  iron 


Thermal  conductivity  -  Btu-in.  /hr  -  ft 


1  Previous  SRI  Data  (See  Paper  by  I 
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Also  see  ASD-TDR-62-765) 
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OData  from  comparative  rod  apparatus 
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Temperature  -  "F 


Figure  A6.  Thermal  conductivity  of  ATJ  graphite,  with  grain 
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APPENDIX  B 


DETAILS  OF  DERIVATION  OF  EQUATION  (18)  FOR  THE 
APPARENT  THERMAL  CONDUCTIVITY  OF  THE  CHAR 


The  thermal  conductance  network  is  shown  in  Figure  20.  The 
thermal  conductances  shown  in  that  figure  are  defined  in  equations  (7) 
through  (16).  The  derivation  of  equation  (18)  is  presented  below. 

The  first  step  was  to  combine  the  parallel  conductances  and 
Kjjg.  Conductances  in  parallel  are  combined  by  addition.  Thus  one  may 
write 


^t  "  ^dr  ^dg 


(Bl) 


Equations  (10)  and  (16)  were  substituted  into  equation  (Bl)  and  the  following 
expression  was  obtained  for 


Kt 


(l-f)(l-F)A 


t 

at 


+ 


(B2) 


The  conductances  and  Kg  shown  in  Figure  20  were  then 

combined  using  the  relation 


=  Kj^  +  Kj^  +  Kg 


(B3) 


The  expressions  for  K^,  Kj„  ,  and  K  given  in  equations  (7),  (11)  and  (13)^ 
respectively,  were  substituted  into  equation  (B3)  and  the  following  equation 
was  obtained  for  Kx 


Kx  = 


(l-f)(l-F)A 

X 


p2/3 


(1  -P^/®)  +  p2/3  k 


(b4) 
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The  thermal  conductances  given  by  equations  (b2)  and  (b4)  were 
inverted  to  give  the  following  thermal  resistances 


R 


t  = 


_ t _ 

(l-f)(l-F)A  [{  +kg] 


(B5) 


(l-f)(l-F)  A 


X _ 

+  (l-P2/3)k^  +  p2/3  kg 


(B6) 


Equation  (b5)  is  an  expression  for  the  thermal  resistance  of  one 
delamination.  If  there  are  on  the  average  n  delaminations  per  delaminated 
flow  channel,  the  total  thermal  resistance  of  the  delaminations  is 


( 


nt 

^d  "  ^^t  (l-f)(l-F)  A  [^-i  +  kg| 

Equation  (B6)  is  an  expression  for  the  thermal  resistance  of  an 
element  of  porous  area  of  the  length  x.  If  all  of  these  elements  are  summed, 
the  total  length  is  (L  -  nt  ).  Thus  it  may  be  written  that 

_ _ (L  -  nt) _ _ 

Rp  =  SRx  =  (1  -f) (1  - F)  A +  (1  -P2  / 3)  k^  +  P2  / 3  kgj 

The  total  thermal  resistance  of  the  delaminated  flow  channels  is 
given  by 

Rt  =  Rd  +  Rp 
L 

"  (l-f)(l-F)A 
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The  total  thermal  conductance  of  the  delaminated  flow  channels  may- 
then  be  written  as  follows 


L 


Now,  Krp  may  be  combined  with  the  other  conductances  shown  in 
Figure  20,  Kj^',  Kj,',  Kg',  Kj^,  and  Kq,  as  follows  to  give  the  overall 
thermal  conductance  of  tne  char. 


K=  K^  +  Kr'  +Kr  +  K^'  +Kg'  +Kg 


(BID 


The  expressions  given  by  equations  (BlO),  (8),  (9),  (12),  (14)  and 

(15)  for  Kj,  Kj,',  Kjj,  K^^',  Kg',  and  Kq,  respectively,  were  substituted 
into  equation  (Bll)  and  the  following  equation  was  obtained 


APPENDIX  B  -  Concluded 


The  overall  thermal  conductance  is  related  to  the  apparent  thermal 
conductivity  of  the  char  by  the  following  equation 


(Bl3) 


Thus, 


ko  =  K  ^ 

a  A 


(B14) 


Equation  (Bl2)  was  multiplied  by  L/A  and  rearranged  to  yield  the  following 
expression  for  the  apparent  thermal  conductivity  of  the  char 


(l-f)(l-F)(4+kg)  +P^/3kg-H  (l-P^/^)k^_ 

(l-c)(-^+  kg)  +  c  +  P^^'kg  +  ] 


(B15) 


2/3 

+  4faFir2  +  fk  +  (l-f)F  P^^®kg  +  +  — 


Equation  (Bl5)  is  presented  as  equation  (18)  in  the  text. 


Note;  Temperatures  were  measured  with  optical  pyrometer  and  were  not 
corrected  for  affects  of  emittance  or  transmittance  of  the  plasma 

Figure  2.  Typical  optically  observed  temperature  profiles  of  front 
surface  of  specimen  during  exposure  to  the  induction 
plasma  torch 
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Charring  Direction 


(a)  Char  of  0.  88  porosity 
(19  lb /ft®  virgin  density) 


(b)  Char  of  0.  82  porosity 
(30  lb /ft®  virgin  density) 


(c)  Char  of  0.  79  porosity 
(42  lb /ft®  virgin  density) 


(d)  Char  of  0.  79  porosity 
(42  lb /ft®  virgin  density) 


Figure  3.  Photomicrographs  at  lOOX  magnification  of  the  three 
different  densities  of  phenolic -nylon  char 


Figure  4.  Histogram  of  pore  diameters  in  the  phenolic  char  of  0.88  porosity  (19  Ib/ft  virgin  density) 


diametiers  in  the  phenolic -nylon  char  of  0,  79  porosity  (42  lb /ft  virgin  density) 


Figure  7.  Histogram  of  pore  diameters  in  the  low-density,  phenolic -nylon  char  (36.  6  Ib/ft^  virgin  density) 
reported  in  Reference  2 


Specimen  30-6  -  back 
surface  -  after  run 


(b)  Specimen  30-6  -  back 
surface  -  impregnated 


Specimen  30-6  betweenPyroceram 
references  -  after  run 


Figure  8.  Pictures  of  specimens  before  and  after  runs 


Guard  thermocouples 


a 


WTKsmjwa 


Temperature 


Temperature  gradient  through  i  I  jj  1  j  |  •  j  ■]■•  i  i|  '  j  []|  HI 
upper  Pyroceram  reference  T ft  ll4  f  t  f  i  ^  * 

ri  |i  ii-  inr  I 


n”"^!  i  H  Temperature  gradient  i  .,|  |  |..i.  .  j  |  -  -  . -  !  j  i  l  i 
[-!■ /tJ*  through  Piberfrax  pad  !  j  |;i  I',  ■-j.-f'ri.  [  i  j 

-1  r  'i 


iii  +  H-rrhi-'-n 

!  !  _h_  Temperature  gradient  through 
1/!^  I  i  upper  0.236  cm  of  specimen 


t-  i  H- 


i  H  l  i  M  '!  '  i  ■ 
il  iv  h  .  i  -ii| 
li  t  i1J.i:.-tLLtLLlll. 


[  j  -  I  !  I  Temperature  gradient  through 
1^  -111  central  0.  701  cm  of  specimen 


I  ■  ■ . i  i 


- Guard  profile 

I  I  -l4-[  H-t--- 

Note:  This  temperature  profile 
is  typical  except  for  temperature 
drops  through  Fiberfrax  pads, 
which  were  not  used  on  other  runs 

I  -I  i-l-  4 -I . l--i  -1- IZT  P1-4--1  Tld-'-l  T  ]  -{■  1-]- !-  - 


--- 

1 

1 

1 — 
1" 

i„; 

■i 

Vj 

1 

r 

- 

'l 

.1 

. 

/■ 

■v: 
.  ..  > 

> 

\ 

■  ~ 

— 

— 

- 

::: 

- 

— 

_ 

-y-p-  f 

cm 

Temperature  gradient 
through  Fiberfrax  pad 


___ Temperature  gradient  through 
- . lower  Pyroceram  reference 


I  I  I-L.4  I  .J - 1  I  I  . . . ft  O 

Profile  for  specimen  42-3, 
760  torr,  helium  purge  at 
500°F  mean  temperature 

Ttifffflilitillffit 


Distance  -  inches 


Figure  10.  Typical  temperature  profile  for  data  obtained  on  comparative  rod 
apparatus  using  C  ode  9606  Pyroceram  references 
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Figure  12.  The  thermal  conductivity  of  phenolic-nylon  char  of  0.  88  porosity  (19  lb /ft  virgin  density)  versus  pressure 
in  a  nitrogen  atmosphere 


Figure  13.  The  thermal  conductivity  of  phenolic-nylon  char  of  0.88  porosity  (19  Ib/ft  virgin  density)  versus  pressure 
in  a  helium  atmosphere 
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Gas  mean  free  path  -  microns 

Figure  18.  The  thermal  conductivity  of  phenolic-nylon  char  of  0,  79  porosity  (42  lb /ft  virgin  density)  versus  pressure 
in  a  nitrogen  atmosphere 


The  thermal  conductivity  of  phenolic-nylon  char  of  0.  79  porosity  (42  Ib/ft  virgin  density)  versus  pressure 
in  a  helium  atmosphere 
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i 


XJ 

T3 

0 

u 

•  i-C 

x: 

•w 

•r^ 

u) 

fi 

d 

0 

g 

1 — 1 
0 
TD 

OJ 

X3 

0 

u 

u 

a 

XJ 

0 

o 

C 

XI 

0 

6 


(in 


^  § 
(D  ™ 

o  % 

S 

1-a 

S  ^ 

u 


nj 

(U 

rt 


72 


Figure  22.  The  continuum  thermal  conductivity  of  air  and  helium 
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The  solid  lines  represent  the  values  predicted  by 
equation  (18)  for  the  labeled  environment 
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The  solid  lines  represent  the  values  predicted  by 
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Figure  25.  Comparison  of  the  predicted  variation  in  thermal  conductivity  with 
temperature  with  the  measured  values  for  specimens  42-3  and  42-4 
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RESULTS  OF  BULK  AND  TRUE  DENSITY  MEASUREMENTS 
AND  POROSITY  CALCULATIONS  FOR  LOW-DENSITY  PHENOLIC -NY LON  CHARS 
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TABLE  2 


GAGE  LENGTH  AND  THICKNESS 
OF  SPECIMENS  EVALUATED 


Specimen 

Number 

Gage  Length 

Thicki 

ness 

in. 

m 

in. 

m 

19-4 

0.2435 

0.00618 

m 

0.0109 

19-5 

0.239 

0. 00607 

0.0108 

30-4 

0.2825 

0.00718 

0.0120 

30-6 

0.311 

0. 00790 

0.499 

0.0126 

42-3 

0.276 

0. 00700 

0.465 

0.0118 

42-4 

0.2625 

0. 00667 

0.450 

0.0114 

42-5 

0. 133 

0. 00338 

0.312 

0.00793 

i 


82 


B  E 
(0  c 

W  T3  O 
(U  d  t* 
u  d 


^  Li 

3*  ^  ^  ^ 

Qri  t«_i  ^  o 


e-5  a£ 


E  «- 


I'd  l^fc-: 

-•s 


S  ^  Hti. 

^  £<J 


I  ?  SJ 

G  rj  ? 


n!  (u  o  t,  rr. 

0)  Q.  — '  <u  - 

S  E'sl 


bn  c 

H  S  .S  Pu 

<]  p  "  r 


=  5.e 
Sir 

S  g  w 


s  ^ 

E  P  <u 

“  -o  e 

X  c  5 


1! 


51  S 


tjo  bo  bo  t^)  bo  t]g  be 


CU  O*  Sir 

d  c  C 

A.  «  0/ 

Ml  <30 


Q.  O' 
d  c 


So  bp 
2  2 


^  bD  bD 

c  c  c  c  3  c  3 


L)  Lf  tr^  Li  L(  Li  (>• 

L<  L>  L>  Li  Ci  Li  Li 

2  0  0  0  0  0  0 

O  O  O  O  Q  Q  O 

CO  (O  to  (O  £  (O  LO 

t-  t-  t-  t-  t-  t-  c- 


e  a  B 


3  2  2 
o  o  o 
to  o  o 

t-  I-t  1~* 


E 

3 

rtrtrtiStd-'-*^ 

2  2  2  22  6  e| 

a  E  e  B  E  -2  .2  s 

3d333’5J-Sp 

'Si  'zi  'Si  s:  £ 

41  0)  4)  bj  O  ' 

J2  JS  Jd  j2  J3  '  ' 

,  ,  ,  ,  ,  Li  Li  Li 

Li  Li  o 

LiLiLiLiLiOO-^ 

Lil.iLiLiLi'*^-‘-'m 

22222o>o>S 

00  CO  O 
intrtoooMOOO 

o>o>Oi-!»hoc5o 


d  ”3  "3 

3  tj  -o  T3  Xt 

■n  .w  .rt 

.H  0)  n  m  ff) 

C/l  4)  V  4>  V 

4>  Li  Li  L  Li 


U  Li  Li  Li 

Li  Li  L.  (j  Li 

U  0  O  O  O 

P  •*'•*-**’  -^ 

rjt  t-  CO  to 

to  N  04  CO  CO 

CO  O  O  O  O 

o  o  o  o  o 

d  o  d  o  o 


to  «-l  04  00  C4  to  O) 
to  O-  C-  to  to 

Tt*  tfl  Tj*  0-  0>  i-<  rH 


in  to 
0  0*01 
m  ictt  rt* 


O  o  o  in  eo 

rj<  in  O  *-t  CO 

in  t|«  to  in  <ct< 


in  to  ■.}<  eo  o 


CO  O  O  to  o  CO  00 
in  in  in  00  o  o  iH 
CM  M  esi  eo  in  to  to 


m  CM  o 
to  to  to 
CM  CM  CM 


COincM'M'COOS'MiO* 

-Mt-^jic-eoeointoin 

eMCMCMCMCMCMCMCM 


CD  DO  -Ml  in  o* 

tDc3»eotot- 
CM  CO  in  to  to 


OO  00  00  O*  o*  o*  o* 

ddddddd  .§ 


oooooooo 


o  o  o  o  o 


V 


E  o 

■  ^  Li 


co-M<coininTf<ii«  n 
.-hi-ii-ii-Ii-it-ii-i  c; 


in  Ti<  00 

o*  to  <M< 

o> 


CM  CM  O  O  O  0> 


Tjt  OO  CM  eo  i-t 

*-l  OO  C-  00  iH 

d  d  d  i-I  CM 


cn  o  o  m  in  T}< 
in  to  to  to  to  to 


eo  V 


■M*incotneodOoo 

minTftijiiitnitrfieo 


m  t“  eo  *-1  eo 

0>  fH  to  r-l  CM 

CO  ot  in  in 


^c-comtncoo'^ 
ootoi-icot-oin  o 

’  CM  op  d  c-‘  je^  " 


intotooicMinm  P 

r-t  i-l  iH  5 


•HcMcotjitOt^eo  i; 
ooioii-tt-into  p 
cococotot-cnoiCli 


eo  c-  o  o*  c*  iS 

to  <7*  CM  CM  CM  -d 

,H  1-4  vt  ? 


c-coT-tinr-toooto 

o>d>tnc-coeoeoi-« 

eoeoMteoeOT*iiM«'Mt 


O  eo  'iji  CO  tjt  o 
eo  tji  eo  c-  00  « 
tt*  to  00  <»  C3*  DQ 


G  e 


o  o 
to  to 
c-  c» 


O  -Ml 

CM  O* 

i-I  i-J 

CM  CM 


O  1-4 

to  to 
oi  t- 


C  T3 
4)  4* 

a 

CO 


gSEGEESe 

)  c0  n5  ed  <4  CL  Q« 

t"  inmiootnino 
P;j>0'^.HeO'^4^o 
cM<^-^inm-^^to 


g  E  E  e 

T  a  CL  Qi 


gEGEEEEEE 

I  (dcd(dfl)Q*Q4Q*Q4 

ginc-omoininin 

cjtocOT^i^eoeOi^T^ 

eMtnini>deMiotoo* 


g  G  E  E  E  S 
T  rt  rt  a  a  a 


CM  CM  O  CM  to  t- 


E  E 


”  <3  in 

CM  00  t^" 


2  c 

CO 


I 


83 


THE  THERMAL  CONDUCTIVITY  OF  PHENOLIC -NYLON  CHAR  SPECIMEN  19-5  AS  MEASURED 
USING  THE  COMPARATIVE  ROD  APPARATUS  WITH  PYREX  REFERENCES 
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lucti^^ity  was  calculated  from  the  equation  Ks  =  |  ~  aA's  "  I  references  was  0.754  in.  (0.01915  m) 
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Note:  The  thermal  conductivity  was  calculated  from  the  equation  Ks  =  0.754  2AT^  ^  ‘  ghge  length  of  the  references  was  0.754  in.  (0.01915  m) 


THE  THERMAL  CONDUCTIVITY  OF  PHENOLIC-NYLON  CHAR  SPECIMEN  42-3  AS  MEASURED 
USING  THE  COMPARATIVE  ROD  APPARATUS  WITH  CODE  9606  PYROCERAM  REFERENCES 
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and 

760  torr  -  nitrogen  purge 
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760  torr  -  nitrogen  purge 

760  torr  -  nitrogen  purge 

0.20  torr  -  residual  nitrogen 
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TABLE  13 


RESULTS  OBTAINED  BY  APPLYING  RUSSELL'  S  EQUATION  TO 
experimental  DATA  AT  500° F 


Specimen 

Thermal  conductivity  predicted  by  Russell's  equation  using 
value  of  matrix  conductivity  reduced  from  vacuum  data 

Units  for 
thermal 
conductivity 

In  vacuum 
at  500°F 
{532'’K) 

In  nitrogen  at  500°  F  (532 °K) 

In  heliv 

im  at  500°F 

(532°K) 

Reduced 

Measured 

Predicted 

Measured 

Percent' 

Difference 

Predicted 

Measured 

Percent* 

Difference 

19-*4 

Btu-in/hr-ft®'°F 
10"®  Btu/sec-ft-°F 
W/m-°K 

44.3 

103 

6.38 

3.9 

9.0 

0.  56 

4.1 

9.5 

0.59 

6.2 

14.4 

0.89 

51.2 

5.3 

12.3 

0.76 

8.7 

20.1 

1.25 

64.1 

19-5 

Btu-in/hr-ft®-°F 
10“®  Btu/sec-ft-°F 
W/m-“K 

39.8 

92 

5.73 

3.5 

8.1 

0.  50 

3.7 

8.6 

0.52 

4.9 

11.3 

0.71 

32.4 

4.9 

11.3 

0.71 

7.0 

16.2 

1.01 

42.8 

30-4 

and 

30-6 

Btu-in/hr-ft2-*F 
10"®  Btu/sec-ft-°F 
W/m-°K 

50.0 

116 

7.2 

6.4 

14.8 

0.92 

6.8 

15.7 

0. 98 

7.5 

17,3 

1.08 

10.2 

7.8 

18.1 

1.12 

9.5 

21.9 

1.37 

21.7 

42-3 

Btu-in.  /hr-ft‘'-°F 
10"®  Btu/sec-ft-°F 
W/m-°K 

38.0 

88 

5.47 

6.0 

13.9 

0.86 

6.4 

14.8 

0.92 

8.0 

18.5 

1.15 

25.0 

7.4 

17.1 

1.07 

10.5 

24.3 

1.51 

41.8 

42-4 

Btu-in.  /hr-ft*-“F 
10-®  Btu/sec-ft-'’F 
W/m-°K 

22.2 

51 

3.20 

3.5 

8.1 

0.50 

3.7 

8.6 

0.53 

5.0 

11.6 

0.72 

35.1 

4.9 

11.3 

0.71 

8.0 

18.5 

1.15 

63.2 

42-5 

Btu-ln.  /hr-ft^-^F 
10"®  Btu/sec-ft-“F 
W/m-°K 

32.9 

76 

4.74 

5,2 

12.0 

0.75 

5.4 

12.5 

0.78 

7.1 

16.4 

1.02 

31.4 

6.6 

15.3 

0.95 

8.2 

18.9 

1. 18 

24.2 

Specimen 

Units  for 
thermal 
conductivity 

Thermal  conductivity  predicted  by  Russell's  equation  using 
value  of  matrix  conductivity  reduced  from  nitrogen  data _ — 

Reduced 

In  nitrogen 

at  500 °F 
(532°K) 

In  vacuum  at  500° F  (532°k) 

In  heliu 

m  at  500° F 

(532°K) 

Measured 

Predicted 

Measured 

Percent' 

Difference 

Predicted 

Measured 

Percent* 

Difference 

19-4 

Btu-in.  /hr-ft®-“F 
10"®  Btu/sec-ft-°F 
W/m-°K 

67.8 

157 

9.76 

6.2 

14.4 

0.89 

-35.0 

7.4 

17.1 

1.07 

8.7 

20.1 

1.25 

17.5 

19-5 

Btu-in.  /hr-ft*-°F 
10"®  Btu/sec-ft-°F 
W/m-°K 

53.0 

123 

7.63 

4.9 

11.3 

0.71 

4.7 

10.8 

0.68 

3.5 

8.1 

0.50 

-25.5 

m 

■DEB 

14.7 

30-4 

and 

30-6 

Btu-in.  /hr-ft^-*F 
10"®  Btu/sec-ft-^F 
W/m-°K 

56.8 

131 

8.18 

in 

B 

6.4 

14.8 

0.92 

-12.3 

8.7 

20.1 

1.25 

9.5 

21.9 

1.37 

B 

42-3 

Btu-in.  /hr-ft^-°F 
10-5  Btu/sec-ft-°F' 
W/m-^K 

49.2 

114 

7.08 

8.0 

18.5 

1.15 

6.0 

13.9 

0.86 

-23.0 

m 

10.5 

24.3 

1.51 

15.3 

42-4 

Btu-in.  /hr-ft’'-°F 
10"®  Btu/sec-ft-°F 
W/m-°K 

5.0 

11.6 

0.72 

4.8 

11.1 

0.69 

-27.0 

6.1 

14.1 

0.88 

m 

31.1 

42-5 

Btu-in.  /hr-ft2-“F 
10"®  Btu/sec-ft-^F- 
W/m-°K 

43.5 

101 

6.26 

7.1 

16.4 

1.02 

6.9 

15.8 

0.99 

5.2 

12.0 

0.75 

-24.6 

8.2 

18.9 

1.18 

8.2 

18.9 

1.18 

0 

measured  conductivity  -  predicted  conductivity 
'Percent  difference  s  predicted  conductivity 


94 


TABLE  14 


RESULTS  OF  REDUCING  THE  PARAMETERS  c.  F.  AND  km 
IN  EQUATION  (18)  FROM  THE  EXPERIMENTAL  DATA 


Specimen 

No. 

usmn 

Thermal  conductivity  measured  at  500®F  (532‘’K) 

Btu-in.  /hr-ft2-®F 

lO"®  Btu/sec-ft-^F 

W/tn-'K 

Vacuum 

ifllQyiiiliy 

Helium 

Vacuum 

Helium 

Vacuum 

Helium 

19-4 

0.877 

3.9 

6.2 

8.7 

9.02 

14.35 

20.13 

0.56 

0.89 

1.25 

19-5 

0.878 

3.5 

4.9 

7.0 

8.10 

11.34 

16.20 

0.50 

0.71 

1,01 

30-4 

30-6 

0.827 

6.4 

m 

9.5 

14.81 

17.36 

21.98 

0.92 

1.08 

1.37 

42-3 

0.785 

6.0 

8.0 

10.5 

13.88 

18.51 

24.30 

0.86 

1.15 

1.51 

Bi9 

0.785 

3.5 

5.0 

8.0 

8.10 

11.57 

18.51 

0.  50 

0.72 

1.15 

42-5 

0.789 

5.2 

mm 

8.2 

12.03 

16.43 

18.97 

0.75 

1.02 

1.18 

Specimen 

No. 

Porosity 

Value  of  c,  F,  and  in  equation  (19) 

obtained  by  fitting  data  at  500® F  (532 °K) 

Value  obtained  for 
by  using  P  rather  than 

P®/®  in  equation  (19) 

c 

F 

^m 

Btu-in. 

10-»  Btu 

W 

Btu-in. 

in-.  Btu 

W 

sec-ft-®F 

m-®K 

hr-ft2-®F 

sec-rt-‘’F 

m-®K 

19-4 

0.877 

0.022 

0.477 

107 

248 

15.41 

73 

169 

10.51 

19-5 

0.878 

0.047 

0.545 

84 

194 

12.10 

57 

132 

8.21 

30-4 

30-6 

0.827 

0.036 

0.710 

86 

199 

12.38 

59 

137 

8.50 

42-3 

0.785 

0.027 

0.590 

80 

185 

11.52 

54 

125 

7.78 

42-4 

0.785 

0.071 

0.400 

67 

155 

9.65 

46 

106 

6.62 

42-5 

0.789 

0.006 

0.720 

55 

127 

7.92 

38 

88 

5.47 
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^'The  aeronautical  and  space  activities  of  the  United  States  shall  he 
conducted  so  as  to  contribute  ...  to  the  expansion  of  human  knowl¬ 
edge  of  pheno?nena  in  the  atmosphere  and  space.  The  Administration 
shall  provide  for  the  widest  practicable  and  appropriate  dissemination 
of  information  concerning  its  activities  and  the  results  thereof. 

—National  Aeronautics  and  Space  Act  of  1958 
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